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Plant parasitic nematodes (PPNs) are a major group of crop pests that decrease yields 
by 7-15%, and locally up to 50% or more.  The most economically important groups are the 
sedentary endoparasites which invade roots and form distinct feeding sites, and the migratory 
endoparasites which feed from individual cells.  Gene silencing through RNA interference 
(RNAi) could be applied to control a range of plant pests.  The overall aim of this study was to 
try to enhance the effectiveness of RNAi to control PPNs.  The research included: targeting 
multiple genes simultaneously in the sedentary endoparasitic cyst-nematode H. schachtii, 
investigating the role of splice-leaders as RNAi targets for PPNs, and seeking alternative modes 
of delivery of double-stranded RNA (dsRNA) (e.g. by spraying) to bypass the need to generate 
transgenic plants. This could be applied when transgenic technology is not acceptable or 
financially viable.   
After H. schachtii had been soaked in dsRNA of different combinations of two different 
genes (vha-3-vha-8, vha-3-pat-10, and vha3-prp-21), there was around 9-31% greater reduction 
in their growth and development compared to soaking in mixtures of single genes (vha-3 & vha-
8; vha-3 & pat-10; vha-3 & prp-21).  Similarly, in ‘Host-Induced Gene Silencing ‘(HIGS), 
transgenic A. thaliana plants expressing dsRNA of H. schachtii combinations of vha-3-vha-8, 
exhibited up to >80% reduction in the development of nematodes compared to transgenic plants 
expressing genes singly (vha-3: up to ~70% and vha-8: up to ~50%).   
Splice-leader (SL) sequences were identified for the PPNs P. thornei and H. schachtii.  
Soaking of mixed stages of P. thornei in SL siRNA significantly reduced penetration of 
nematodes into wheat roots compared to untreated nematodes.  In contrast, J2s of H. schachtii 
soaked in SL siRNA did not significantly affect their development on A. thaliana roots.   
III 
 
Ectopic delivery of fluorescent oligonucleotides (with a phosphorothioate morpholino 
oligomer (PMO) backbone) to A. thaliana demonstrated systemic movement, but delivery of 
naked dsRNA did not appear to initiate endogenous gene silencing.  The topically applied 
nematode dsRNA (dsvha-3) on A. thaliana leaves did not reduce the nematode development on 
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1. Introduction and Literature Review 
 





1.0 General Introduction 
Every year billions of dollars are lost from crop damage caused by plant pests and 
diseases (Katoch et al., 2013).  Plant parasitic nematodes (PPNs) are one of the major 
agricultural pests of a wide range of crops around the world that contribute to this loss 
(Chitwood, 2003).  Infestation by these nematodes may inhibit the growth of plants, cause 
wilting and discolouration of leaves reflecting mineral deficiency symptoms, and root 
malformation (Handoo, 1998; Hofmann and Grundler, 2007).  Because these symptoms are 
often not clearcut, they can be overlooked until the nematodes have reached population 
densities which can cause severe damage to host plants.  Nematode infestation can also 
make host plant roots vulnerable to secondary infections by bacteria and fungi present in the 
soil (Thomason, 1987).  Pratylenchus spp. (root lesion nematodes, RLNs) alone can reduce 
the yield of wheat by 30% in some parts of Australia (Vanstone et al., 2008).  
As discussed by Jones et al. (2013), among the “Top 10” PPNs, the sedentary 
endoparasitic nematodes: root-knot nematodes (Meloidogyne spp.) and the cyst nematodes 
(Heterodera and Globodera spp.) are regarded as the most destructive.  Pratylenchus 
species, which are migratory endoparasitic nematodes, are considered the third most 
economically important species overall.  However, in some situations, such as in rainfed 
growing areas of cereal crops in Australia, they are the most economically important 
nematode pests (Jones et al., 2013). The use of chemical nematicides to control PPNs, 
especially methyl bromide, carbamates, and organophosphates, has been restricted and in 
some cases banned because most are deleterious to the environment and potentially to 
human health (Williamson and Gleason, 2003).  Other control methods include the growing 
of non-host crops, crop varieties which are tolerant or resistant to PPNs, or rotations of 
susceptible crop varieties with resistant or tolerant hosts (Starr et al., 2002). However, often 
these methods of nematode control have not been particularly successful.  For example, 
selection pressure can result in the appearance of resistance-breaking or more virulent 




biotypes of some pathogens.  A typical case is that of the soybean cyst nematode 
(Heterodera glycines) type 0 (race 3), which was the most common type in Kentucky and 
was unable to grow on the resistant soybean cultivar PI88788.  However, it became able to 
reproduce on this cultivar because the same resistant cultivar was used exclusively and 
repeatedly to manage H. glycines (Hershman et al., 2008).  Because of this type of issue, 
research has been directed to developing new strategies to protect plants from nematodes 
and other pests.  Gene silencing through RNA interference (RNAi) (Arnaiz et al., 2012) is 
one such important research topic, and has the potential to provide a new strategy for 
controlling pests of crop plants (Tamilarasan, 2012; Fosu-Nyarko and Jones, 2015). 
RNAi is a natural gene regulation mechanism in eukaryotes: it involves sequence-
specific degradation of mRNA in a process triggered by small (~20-30 nucleotides) non-
coding RNAs, mainly short interfering RNAs (siRNAs and microRNAs (miRNAs)).  Fire et al. 
(1998) first demonstrated the ability of exogenous double-stranded RNA (dsRNA) to initiate 
gene silencing in the free-living nematode Caenorhabditis elegans by microinjection or 
feeding the nematodes with bacteria expressing dsRNA (Tabara et al., 1998; Timmons and 
Fire, 1998).  However, these procedures are not suitable for PPNs; direct introduction of 
dsRNA into infective juveniles of nematodes by microinjection has yet to be achieved 
routinely and is a challenging task, and PPNs do not feed on bacteria.  Moreover, because 
of their obligate parasitic nature, PPNs do not usually feed outside host tissues.  An 
important advance that enabled expansion of this research area was that in vitro RNAi 
analysis of genes of PPNs became possible using a neuro-stimulant to induce uptake of 
external solutions containing dsRNA (Urwin et al., 2002; Rosso et al., 2009).   
However, the practical use of RNAi as a control strategy against PPNs is by 
developing transgenic plants that can produce dsRNA to essential genes of target 
nematodes.  Such plant-processed nematode dsRNAs can inhibit the ability of a nematode 
to feed successfully and can be used to interfere with normal life cycle processes.  This 
potential was demonstrated successfully by Yadav et al. (2006) and Huang et al. (2006): in 




this first report, transgenic tobacco plants producing dsRNA of the splicing factor and 
integrase genes of Meloidogyne incognita reduced the population of the nematode by up to 
90% on tomato plants compared to control plants.  
Many different genes of nematodes as well as of other pests such as aphids have 
since been silenced using host-delivered RNAi (often known as ‘Host-Induced Gene 
Silencing’ or HIGS).  To date, more than 49 PPN genes have been silenced successfully 
through in vitro RNAi (Lilley et al., 2012; Cheng et al., 2013; Xue et al., 2013; Eves-van den 
Akker et al., 2014 a; Iqbal et al., 2016) and more than 20 of these have been knocked down 
using plant-mediated RNAi (Dutta et al., 2014; Fosu-Nyarko and Jones, 2015).  Although in 
planta RNAi is an important tool to control PPNs, complete resistance against nematodes 
has still not been achieved (Fosu-Nyarko and Jones, 2015).  For instance, when four 
parasitism genes of H. schachtii were silenced using transgenic Arabidopsis expressing 
dsRNA to these genes, only a 24-64% reduction in the development of females was 
observed, and none of the transgenic lines was completely resistant (Sindhu et al., 2009).  
Amongst other possible reasons, the effect of silencing some vital genes may be weak 
because of target gene redundancy (Jones et al., 2013).  Therefore, increasing RNAi 
efficacy for PPN control is a subject that needs further exploration.  One strategy would 
involve targeting multiple genes involved in a selected biochemical pathway; another could 
be target genes involved in different pathways.  
Silencing of multiple genes has been investigated in the cyst nematode, H. glycines in 
which second stage juveniles (J2s) were soaked with dsRNA corresponding to two genes 
known to be express in the oesophagal gland cells.  No additive effect of double gene 
silencing was observed (Bakhetia et al., 2008).  It was postulated that competition between 
the provided dsRNA and nematode-processed siRNA for the RNAi machinery may have 
reduced the effectiveness of the double gene knockdown.  However, double and triple gene 
knockdown, has been achieved successfully in C. elegans by feeding the worms with 
bacteria transformed with a single plasmid expressing dsRNA of two or three genes (Gouda 




et al., 2010).  This strategy, in which dsRNA of multiple genes is expressed as a single gene 
construct, is used as a trigger instead of soaking nematodes in dsRNAs of different genes as 
a means of silencing more than one gene in a PPN, has not been investigated in depth.  
One aim of this strategy is to compound RNAi effects of different genes in a PPN.  In this 
case, when appropriate vital genes are targeted, growth and development in a host could be 
largely inhibited, so increasing the attractiveness of RNAi as a tool to control these pests.  
In using RNAi as a control strategy for PPNs, probably the most important aspect is 
the choice of the target gene.  A suitable target gene is one which plays a major role in the 
development or pathogenicity of the nematode being studied, and so knockdown of its 
expression directly or indirectly reduces nematode pathogenicity.  Important characteristics 
of a good RNAi target gene include its specificity to the target pest organism and a good 
conservation of the gene sequence among orthologues of related pest species (Lilley et al., 
2008).  One of these targets could be the splice leader RNA gene or the short splice leader 
(SL) sequence it donates to most mRNAs of nematodes during trans-splicing.  Trans-splicing 
is a phenomenon in which two independent pre-mRNA molecules are linked to generate 
mRNA (Sutton and Boothroyd, 1986).  This process is considered a molecular 
synapomorphy in nematodes (Liu et al., 1996).  SL trans-splicing is a phenomenon which is 
present in a range of lower organisms in which some genes are organised in operons 
(Blumenthal, 2005).  The 22 nucleotide (nt) SL sequence is trans-spliced to the 5′ end of the 
expressed mRNA of each gene of an operon, and creates monocistronic mature capped 
mRNAs (Conrad et al., 1991).  The SL-1 is the most conserved sequence among nematodes 
(Blumenthal, 1995).  If disrupting the function of the SL affects nematodes, it can serve as a 
potential RNAi target for broad-spectrum nematode control.  Therefore, studying the SL of 
PPNs in detail and demonstrating the potential effects of knocking its mRNA down is a novel 
concept in using RNAi as a tool for nematode control.  
Although host-mediated RNAi of PPN genes can be effective, the process of 
generating transgenic plants is laborious and time-consuming.  Other modes of delivery of 
RNAi triggers to pests including nematodes that will protect host plants are currently being 




sought.  One such approach is to spray dsRNA onto host plants with the expectation that the 
RNA is translocated throughout the plant and is present in forms that could be ingested by a 
pest.  This strategy has been termed ‘Spray Induced Gene Silencing’ (SIGS), as an 
alternative to HIGS.  Studies have also been undertaken in which extracts of bacteria 
expressing dsRNA have been sprayed onto leaves, and this reduced virus replication in the 
plants (Gan et al., 2010).  However, the SIGS approach, that is, spray or ectopic delivery of 
dsRNA, has not been investigated as a method to control PPNs.   
The aim of this research was, therefore, to study alternative modes of delivery of 
“effective” dsRNA that does not require the generation of transgenic plants, and which can 
be applied in jurisdictions where transgenic technology is not acceptable or financially viable.   
1.1 Nematode Biology 
Nematodes are the most abundant and diverse group of multicellular animals on 
earth (Platt and Lorenzen, 1994). They occupy a wide range of habitats: from marine to 
terrestrial environments.  They are found in mountains, deserts, polar-regions, oceanic 
trenches and even in the earth’s lithosphere.  They are generally known as roundworms 
because of their cross-sectional shape.  In overall appearance a nematode is often thread-
like, cylindrical and usually fusiform, and more rarely sac-like e.g. female Meloidogyne spp.  
Their length is variable, ranging from microscopic (0.47 mm long females of Aphelenchoides 
bicaudatus) to several meters (over 8 m long female Placentonema gigantissima discovered 
in the placenta of the sperm whale) (Chitwood and Chitwood, 1974; Lee, 2002). 
Nematodes are structurally simple without any internal segmentation.  They possess 
a mouth or oral opening at the terminal end of which may or may not be surrounded by lips 
and sensory organs.  The mouth opens into a buccal cavity, followed by a pharynx (or 
oesophagus), intestine and rectum opening to the exterior through an anus and vulva in the 
female while a cloaca formed by a vas deferens joins the rectum in males.  All nematodes 
consist of six life stages: eggs, four larval stages (J1, J2, J3, and J4) and an adult stage in 




which reproductive and other associated structures are completely developed and functional 
(Chitwood and Chitwood, 1974).  
1.2 Free-living nematodes 
Free-living nematodes are found in soil, marine and freshwater sediments.  They feed 
mainly on microorganisms.  C. elegans is the most thoroughly studied free-living nematode 
and has been a model organism to study animal development.  It is a microbivorous, soil-
dwelling nematode with a short life cycle of about three days and a life span of about two 
weeks under optimum conditions (Riddle et al., 1997).  C. elegans has a transparent body 
with all 959 somatic cells visible under a microscope.  Individuals exist either as 
hermaphrodites or males.  The adult hermaphrodite can reproduce by self-fertilisation 
whereas two hermaphrodites cannot fertilise each other.  Conversely, males which occur 
spontaneously are able to fertilize hermaphrodites.  The complete genome of C. elegans has 
been sequenced and it is widely used a model organism to study gene function using gene-
silencing approaches (Lee, 2002; Hull and Timmons, 2004). 
1.3 Parasitic nematodes 
Many nematodes are parasites either of invertebrates (insects), animals or plants.  
Mermis subnigrescens is an example of an insect parasitic nematode, which lives in the soil 
during winter, moves to the surface of soil during warm weather from where it moves to the 
stems of plants and lays eggs.  If the eggs are eaten by an arthropod such as grasshopper, 
the larva hatches in the alimentary canal of the insect and migrates to the haemocoele by 
piercing the gut wall where it feeds on fat bodies of the insect, grows and moults (Christie, 
1937).  Parasitic nematodes of humans include filarias, hookworms, ascarids, pinworms and 
whipworms.  They attack various tissues of the human body like muscles, intestines and 
other body tissues (Stepek et al., 2006).  




1.3.1 Plant parasitic nematodes: the underground enemies of plants 
PPNs are among the most devastating agricultural pests.  An estimated $125 billion is 
lost every year from PPN damage to crop plants (Chitwood, 2003).  According to a report by 
the Australian Grains Research and Development Corporation (GRDC) in 2015, RLNs alone 
cause 5 to 50% yield loss in the grain belt of Western Australia (Williams, 2016).  Most PPNs 
attack plant roots, either as ectoparasites or endoparasites.  Ectoparasites feed from the 
exterior of roots while some (sedentary) endoparasites invade the roots and develop a 
feeding site inside the roots from which they feed and rely on for completion of their life 
cycles.  Sedentary endoparasites are the most economically important plant parasites.  This 
group includes root-knot nematodes (Meloidogynidae) and cyst nematodes (Heteroderidae) 
(Jones et al., 2013).  The two groups of nematodes share similar lifestyles (Davis et al., 
2004; Williamson and Kumar, 2006) except that root-knot nematodes form giant cells while 
cyst nematodes induce the formation of syncytia as feeding structures (Jones 1981).  
Another economically important group of parasitic nematodes is the migratory endoparasitic 
nematodes of which root lesion nematodes (RLNs) are widely distributed and best 
characterised (Jones et al., 2013).  Unlike sedentary nematodes, RLNs do not induce long 
term feeding sites in roots, they migrate mainly in cortical tissues feeding from individual 
cells, and their feeding causes the development of discoloured lesions at the epidermis or 
inside host roots (Fosu-Nyarko and Jones, 2016 a).  
1.3.1.1 Root-knot nematodes   
 Root-knot nematodes (RKNs), Meloidogyne spp. are the most detrimental nematode 
parasites particularly of tropical crops, but also of some temperate crops (Trudgill and Blok, 
2001).  Their wide host range contributes to greater economic losses attributed to their 
infestation.  The four major species of economic importance are M. arenaria, M. incognita, 
M. javanica and M. hapla (Taylor et al., 1982).  The infective second stage juveniles (J2s) of 
RKNs hatch from the egg under suitable conditions like temperature, oxygen availability and 




soil moisture, but in some instances, hatching may also be stimulated by root diffusates 
(Curtis et al., 2009).   
The J2s mostly enter root tissues behind the root tips using their stylet to physically 
puncture the root cells accompanied by the release of cell wall modifying enzymes to enable 
further migration into root tissues.  Unlike cyst nematodes, RKNs move intercellularly inside 
the roots, that is, within the cell wall space.  They can migrate around or through the 
vascular cylinder, until they reach the zone of differentiation and establish a feeding site from 
pro-vascular cells normally known as giant cells.  Once the giant cell initials are established 
and feeding begins, RKNs secrete self-assembling long tubular structures known as ‘feeding 
tubes’ which extend from the mouth stylet, and act as a pressure regulator and ultrafilter to 
reduce or prevent damage when the nematode feeds from a giant cell.  The giant cells serve 
as a nutrient sink to supply metabolites to the nematode, and cell division and expansion 
occurs in surrounding cells leads to the development of a typical gall around the giant cells 
(Jones, 1981).  Giant cells (usually between 4 and 7 separate cells) form by repeated mitosis 
without cytokinesis and so become multinucleate.  They expand for about 14 days and 
become filled with dense cytoplasm, with walls adjacent to vascular tissues that differentiate 
outside them, developing extensive transfer cell-like ingrowths, which increase the area of 
the plasma membrane for solute uptake.  Wall ingrowths also develop on walls between 
adjacent giant cells, indicating solute flow between giant cells, since the nematode feed from 
each individual giant cell.  The nematode loses its ability to move once feeding begins and 
becomes sedentary, undergoing three further moults to reach the adult stage.  The J3 and 
J4 are the non-feeding stages of nematodes since they lack a functional stylet.  If formed, 
males re-elongate and move out of the roots while the females continue to feed from the 
giant cells and become pear-shaped.  The pear-shaped mature females lay eggs (up to 
1000) enclosed in a gelatinous matrix forming an egg mass.  Egg masses are secreted at 
the surface of roots.  Within the egg, following embryogenesis, first- stage juveniles moult to 
J2s following embryogenesis.  The J2s then hatch from the eggs to continue the life cycle 




under favourable conditions in an appropriate host (Hussey and Mims, 1991; Chitwood and 
Perry, 2009; Curtis et al., 2009).   
1.3.1.2 Cyst nematodes 
Cyst nematodes are the second most economic important group of PPNs, and are 
capable of infecting a range of temperate, tropical and sub-tropical plants (Jones et al., 
2013). The most economically important cyst nematodes belong to the genera Heterodera 
and Globodera.  Among these, Globodera rostochiensis and Globodera pallida that attack 
potato, Heterodera glycines affecting soybean, H. schachtii that parasites sugar beet and 
Heterodera avenae which attacks cereals are the most important (Subbotin et al., 2003). For 
example, the mean annual loss due to spread of the potato cyst nematode (G. rostochiensis) 
in Australia over a time span of 20 years up to 2008 was estimated at $18.7 million (Hodda 
and Cook, 2009), and H. glycines is the top pest of the soybean crop worldwide. 
Cyst nematodes usually have a narrower host range than root-knot nematodes, and 
many hatch in response to root exudates from a suitable host, allowing the nematode to 
coordinate its life cycle with host’s growth.  However, H. schachtii J2s can hatch in water in 
large numbers even in the absence of any stimulus (Jones et al., 1998).  After hatching, J2s 
respond to gradients of various stimuli in the rhizosphere and are attracted towards a nearby 
root.  The composition of gradients around the roots include CO2, pH, amino acids and 
sugars, which are considered as non-specific attractants that are involved in long-distance 
migration of nematodes in soil (Perry, 1997).  The hatched J2s use their protrusible, pointed 
stylet enter cells of the root epidermis, mostly in the zone of elongation behind the root tip.  
However, they may also enter sites where lateral roots emerge (Wyss and Zunke, 1986).  
After entering the plant tissues, they migrate intracellularly to the plant vascular cylinder by 
creating perforations in the cortical cell walls through the mechanical action of their stylets 
(Wyss and Grundler, 1992) and possible softening of cell walls using secreted enzymes like 
β-1, 4-endoglucanases (Smant et al., 1998; Goellner et al., 2000; Yan et al., 2001; Gao et 
al., 2002) and pectate lyases (Popeijus et al., 2000; De Boer et al., 2002; Gao et al., 2003). 




These enzymes are synthesised in subventral pharyngeal gland cells and secreted through 
the stylet (Wang et al., 1999).  
Once the nematodes have reached the endodermis, they initiate syncytium formation 
by penetrating a cell with the stylet, usually into a procambial cell close to the primary xylem, 
and inject secretions from pharyngeal gland cells (De Meutter et al., 2001).  These 
secretions, which contain ‘effector’ molecules (proteins, peptides or other compounds 
required for parasitism), trigger the formation of the syncytial feeding site which becomes a 
metabolically active group of interconnected cells with dense cytoplasm.  Parts of walls of 
neighbouring cells are degraded, usually at pit fields, to allow their protoplasts to fuse, and 
this is accompanied by wall softening and cell expansion.  When fully established the 
syncytium which can incorporate 200 cells or more (Jones, 1981).  The syncytium serves as 
a nutrient sink from which the nematode takes up nutrients and develops extensive transfer 
cell-like wall ingrowths where it contacts vascular cells, which enable solute uptake into the 
syncytial cytoplasm.  Each time a nematode inserts its stylet for feeding, a blind-ended tube-
like structure, the feeding tube, is formed at the stylet tip which self-assembles from 
nematode secretions (Endo, 1991; Sobczak et al., 1999).  The feeding tube is thought to 
enhance the surface area to aid transportation of solutes from syncytial cytoplasm to the 
stylet orifice.  It can also set a size exclusion limit for certain solutes.  For instance, H. 
schachtii can take up dextrans of up to 20kDa, but those at 40kDa are excluded (Böckenhoff 
and Grundler, 1994) and proteins of up to 11kDa, but not of 23 kDa can be taken up by the 
nematode (Urwin et al., 1998).  
After initiation of a syncytium, J2s feed and develop through three moults to the adult 
stage.  Each developmental stage i.e. J3 and J4 lasts for 3-4 days at 25°C (von Mende et 
al., 1998).  Cyst-nematodes exhibit sexual dimorphism.  Males feed until the end of the J3 
stage and later transform into motile adult males inside the J4 cuticle.  The adult male 
emerges from its cuticle and leaves the root using its stylet (de Boer et al., 1999).  Females, 
on the other hand, remain feeding from the syncytium and develop to adults, by enlarging 




and swelling into a saccate spherical (Globodera spp.) or lemon (Heterodera spp.) shape.  
The rear of the females and its vulva protrude out of the root before fertilisation.  Most cyst-
nematodes are amphimictic, while some of are parthenogenetic (Heterodera trifolii, clover 
cyst nematode and Heterodera oryzae, rice cyst nematode) (Evans, 1998).  The female 
cuticle darkens after fertilisation and forms a thick protective cyst containing 400 to 600 eggs 
(Brodie et al., 1993; Valentine et al., 2007).  The eggs hatch within the cyst into J1s and can 
remain dormant in the soil, sometimes for many years (Sijmons et al., 1991).  J1s  can moult 
into J2s within the egg, and under suitable conditions with hatching stimulation, they leave 
the egg and enter the soil (Jones et al., 1998).  
1.3.1.3 Root lesion nematodes 
 RLNs, as the name suggests, cause damage by feeding from individual cells, often 
resulting in the formation of visible brown lesions in the roots as a result of feeding damage.  
The lesions result from browning or necrosis of roots usually due to secondary infection by 
soil bacteria or fungi (Fosu-Nyarko and Jones, 2016 a).  About 80 RLN species 
(Pratylenchus spp.) have been described so far (Castillo and Vovlas, 2007; Subbotin et al., 
2008).  Amongst these, P. penetrans, P. thornei, P. neglectus, P. zeae, P. vulnus and 
P. coffeae are the most important species.  Pratylenchus spp. are mostly polyphagous and 
migratory in nature.  Their life cycle ranges from about 40 days to nine months, depending 
on the nematode species, host and temperature.  The development of J1 to J2 occurs within 
the egg and the J2s move out of the eggshell to find and feed on root cells of available 
hosts.  Unlike root-knot and cyst nematodes, all developmental stages are vermiform, motile 
and infective.  They can leave or enter host roots and move inside the roots to feed from 
host cells.  The females can lay eggs either in the root cells or in the surrounding soil.  In 
some species males do not form, whilst they are present in others.  However, they mostly 
reproduce by parthenogenesis.  These nematodes can survive in soil for long periods at the 
egg stage and also as motile forms through anhydrobiosis by desiccation in dry conditions, 




and rehydration when an adequate amount of moisture is present and host roots become 
available (Jones et al., 2013; Fosu-Nyarko and Jones, 2016 a).   
The above ground symptoms of RLNs can often be overlooked, as they resemble 
nutritional and water deficiency (Taylor et al., 1999).  Early symptoms of infestation include 
shorter and discoloured roots (Townshend, 1963; Acedo and Rohde, 1971).  A high 
population of nematodes retards root growth and limits the development of the root system.  
The lesions formed at the site of entry, migration, feeding and exit of roots allow secondary 
infections by soil pathogens including fungal species of Fusarium and Verticillium (Saeed et 
al., 1998). 
1.4 Methods to control PPNs 
Efforts to eradicate PPNs date back to late 1800s, when carbon disulphide was used 
as a nematicide against H. schachtii in Germany (Kühn, 1881).  With advancing research on 
PPNs and chemicals, a series of chemical nematicides have been developed, either as 
fumigants or compounds which dissolved in the soil water.  Several chemicals like methyl 
bromides and carbamates have been used as chemical nematicides, but now most have 
been banned because of health and environmental risks associated with their use.  
Moreover, their use can add substantial costs to crop production.  An alternative method of 
PPN control is crop rotation in which a series of nematode resistant crops are grown 
sequentially in different cropping seasons.  However, this practice has limitations.  For 
instance, some nematodes have a wide host range that makes it difficult to choose 
appropriate crops to break the infestation cycle.  Also, for cyst nematodes, mature cysts 
harbouring viable eggs can lie dormant in soil for up to 25 years  (e.g. potato cyst 
nematodes) and hatch when hosts or suitable conditions are available (Phillips and Trudgill, 
1998).   




Biological control of PPNs involves the use of one or more organisms to prevent the 
growth of nematodes.  Certain nematophagous fungal or bacterial species that attack 
nematodes are applied to soil to restrict the proliferation of PPNs without affecting plants 
(Evans et al., 1993).  Pasteuria penetrans is an important bacterial parasite of several root-
knot nematodes.  The growth of M. incognita and M. javanica on tobacco plants can be 
reduced in the presence of P. penetrans (Weibelzahl-Fulton et al., 1996).  Similarly some 
fungi like Dactylella spp. can trap and restrict nematodes through their adhesive knobs and 
net structure (Hallmann et al., 2009).  However, these nematode predators are difficult to 
manage on a large scale.  Also, environmental factors including soil texture, moisture, 
temperature and pH can influence the survival of biocontrol agents (Chen and Dickson, 
2004; Stirling, 2014), although major agrochemical companies are developing new 
nematode biocontrol agents as part of integrated pest management packages. 
Nevertheless, there is a need to develop new strategies to protect plants from PPNs 
and to minimise crop losses from such pests.  RNAi is an emerging field which involves 
application of a natural gene silencing mechanisms to downregulate expression of vital 
target genes.  This strategy is being explored to make plants resistant to PPNs.  
1.5 RNA interference  
RNAi is an evolutionarily conserved, gene regulatory mechanism in eukaryotes in 
which transcript levels of genes are controlled by sequence-specific gene silencing.  The 
process is initiated by dsRNA when introduced into a cell or generated autonomously via 
cellular processes.  The RNAi machinery involves a set of proteins that are conserved 
among most organisms.  The major discovery of RNAi has been attributed to the work of 
Fire and colleagues on Caenorhabditis elegans (Fire et al., 1998), but a similar  
phenomenon was identified earlier as post transcriptional gene silencing (PTGS) in plants 
and quelling in fungi (Jorgensen et al., 1996; Waterhouse et al., 1998; Pickford et al., 2002).  




The history of RNAi dates back to 1990 when Napoli et al. (1990) sought to 
upregulate the activity of the chalcone synthase gene to enhance the purple colour of 
Petunia using a constitutive cauliflower mosaic virus 35S promoter.  Instead of exhibiting a 
dark colour, the flowers were de-pigmented, and this occurrence was associated with a 
reduction in expression of the endogenous gene.  The observation of suppression of both 
transgene and endogenous gene led the researchers to use the term “co-suppression” to 
describe the phenomenon (Napoli et al., 1990).  Later, several other results similar to co-
suppression were reported and were found to take place after nuclear transcription in plants, 
animals and fungi; hence the mechanism was named “post-transcriptional gene silencing” 
(PTGS) (Ratcliff et al., 1997; Fire et al., 1998; Fulci and Macino, 2007).  PTGS can be 
triggered by sense as well as antisense strand of transgenes (Di Serio et al., 2001), and the 
phenomenon has since been found in metazoans and mammals (Hannon, 2002).  
This homology-dependent suppression of an endogenous gene was termed 
“quelling” in fungi where it was observed in experiments to improve the levels of an orange 
pigment produced by the gene al1 of the fungus Neurospora crassa.  A 1.5 kb fragment of 
the coding sequence of the al1 gene was used to transform an N. crassa strain which had 
the wild type al1+ gene contributing an orange phenotype.  However, some of the 
transformants showed albino phenotypes with lower levels of the native al1 mRNA.  This 
indicated that quelling resulted in lower levels of mature mRNA in a homology-dependent 
manner (Cogoni et al., 1996).  
The RNAi phenomenon was first studied in C. elegans by Fire et al. (1998); in this 
study a dsRNA corresponding to 742-nucleotide (nt) fragment of unc22 was injected into the 
gonad or body cavity of adult nematodes.  The unc22 codes for an abundant but non-
essential myofilament protein; its silencing or decreased expression causes severe 
twitching.  It was found that dsRNA was more effective than sense or antisense strands 
alone in inducing gene silencing in the nematode.  This experiment led to the use of RNAi in 
C. elegans either to attain mutant phenotypes or to study gene function.  RNAi can also be 




achieved in C. elegans by soaking the nematodes in a buffered solution with dsRNA or by 
feeding them with Escherichia coli (E. coli) (BL21/DE3) engineered to express dsRNAs 
(Studier et al., 1990; Timmons and Fire, 1998).   
1.5.1 Mechanism of RNAi in nematodes 
Different small RNA pathways of RNAi have been identified in C. elegans: the 
exogenous and endogenous siRNA pathways, the endogenous miRNA pathway and PIWI 
(P-element-induced wimpy testis) interacting RNAs (piRNAs) pathway.  Exogenous siRNAs 
originate from long dsRNA precursors which can be introduced to nematodes by 
transfection, microinjection, feeding bacteria expressing dsRNA or derived from viruses 
[reviewed by Hoogstrate et al. (2014)].   Endogenous siRNA, miRNA and piRNAs are 
encoded by the genome and are translocated to the cell cytoplasm from the nucleus 
(Ambros et al., 2003; Duchaine et al., 2006).  The piRNAs are specific to the germline and 
play a role in maintaining stability in the genome by silencing transposons (Wang and 
Reinke, 2008).  The focus of this study is on the exogenous siRNA (exo-siRNA) pathway 
which is discussed in the following sections.          
During the first step of RNAi of the exogenous siRNA pathway, at the cost of ATP, 
the exogenous dsRNA is diced to 21-23 bp siRNAs by the RNAse III enzyme, DICER.  
These primary siRNAs are guided to the RNA induce silencing complex (RISC).  In the 
second ATP dependent step, the duplex is unwound, and only the antisense strand is 
incorporated into the activated RISC.  The antisense strand binds to the perfect 
complementary target mRNA leading to the degradation of mRNA by an Argonaute protein, 
resulting in translational inhibition of mRNA and silencing of a gene (Nykänen et al., 2001; 
Grishok, 2005).  The core components of RNAi include a Dicer complex, RNA-binding 
factors, Argonaute proteins and a systemic component for amplification of silencing signal 
and its spread to cells and other tissues of an organism (Siomi and Siomi, 2009). 




1.5.1.1 DICER mediated cleavage of dsRNA 
 The DICER is a multidomain RNAseIII enzyme that recognises longer dsRNA and 
initiates the RNAi process.  The DICER-1 with seven domains has been found as the most 
conserved proteins among Brugia malayi, Ascaris suum, M. incognita and M. hapla similar to 
that of C. elegans (Iqbal et al., 2016).  The DICER enzyme is part of a complex; for the exo-
siRNA pathway in C. elegans, this complex comprises the dsRNA binding protein RDE-4, a 
Piwi Argonaute-Zwille (PAZ) domain Argonaute family protein RDE-1 and the Dicer-related 
helicase 1 (DRH-1) (Tabara et al., 2002). 
 The RDE-1 and RDE-4 function in processing exogenous dsRNA (Parrish and Fire, 
2001).  The RDE-4 binds the dsRNA in C. elegans and improves the activity of DICER in 
processing the dsRNA to primary siRNAs.  The primary siRNAs contain monophosphate 
groups at their 5′ ends while the 3′ ends have 2-bp overhangs (Tabara et al., 2002; Habig et 
al., 2008).  The rde-4 found in C. elegans has been identified in B. malayi and Ancylostoma 
caninum but not in the available sequences of some other parasitic nematodes (M. 
incognita, M. hapla, A. suum, Oesophagostomum dentatum, Oesophagostomum dentatum, 
Haemonchus contortus) (Dalzell et al., 2011).  However, the evidence of dsRNA induced 
RNAi in PPNs like M. incognita and M. hapla suggests that there could be an orthologue of 
rde-4 to process the dsRNA.   
 The RDE-1 is an Argonaute protein (AGO) that binds primary siRNAs in C. 
elegans (Tabara et al., 1999).  The absence of RDE-1 does not influence the production of 
primary siRNAs while the formation of secondary siRNA is inhibited (Parrish and Fire, 2001) 
indicating the importance of RDE-1 in the production of secondary siRNAs.  The RDE1- 
recruits RRF-1, a RdRP that uses primary siRNA as a template to generate secondary 
siRNAs (Sijen et al., 2001).  The secondary siRNAs are 22 nt long, with a 5′ Guanosine (G) 
that possess a triphosphate unlike a monophosphate for primary siRNAs (Pak and Fire, 
2007).  These secondary siRNAs are then incorporated into a series of Argonaute proteins 
to carry out degradation of target mRNA (Yigit et al., 2006).  There are 27 AGOs identified in 




C. elegans, and almost half of them belong to the worm-specific Argonaute (WAGO) clade 
(Billi et al., 2005; Yigit et al., 2006).  The orthologues of the C. elegans WAGOs have been 
identified in some other Caenorhabditis species and C. briggsae, C. remanei and C. brenneri 
(Shi et al., 2013).  A WAGO with the highest similarity to WAGO-1 of C. elegans has also 
been found in G. rostochiensis (Eves-van den Akker et al., 2016).  
  The DRH-1 of C. elegans interacts with RDE-1 and RDE-4 and identifies the dsRNA 
(mainly of viral origin) with a 5′ triphosphate that is processed to primary exo-siRNA (Tabara 
et al., 2002; Sarkies and Miska, 2013).  DRH-1 directly complexes with DICER-1 and does 
not interact with RNA-dependent RNA polymerase (RdRP).  A putative drh-1 sequence has 
also been identified in parasitic nematodes B. malyi, A. suum, M. incognita and M. hapla 
which was similar to that of C. elegans (Iqbal et al., 2016).   
1.5.1.2 Targeted mRNA degradation through RISC 
The RDE-1 of C. elegans also functions to unwind the siRNA duplex in an ATP-
dependent manner (Nykänen et al., 2001; Steiner et al., 2009).  The guide or antisense 
strand of siRNA binds to the RISC complex and activates it.  This activated RISC identifies 
the target mRNA by base-pairing between the guide strand and mRNA.  There are a number 
of AGO proteins involved in the endonucleolyitc cleavage of mRNA (Hammond, 2005).  The 
PIWI domain of some AGO proteins exhibit endonuclease activity (Yigit et al., 2006).   The 
AGO proteins in RISC complex vary depending on the type of small RNA being processed.  
For instance, in C. elegans the argonautes ALG-1 and ALG-2 are not essential for exognous 
or trans-gene derived siRNA but are important for processing miRNAs (Grishok et al., 2001).    
1.5.1.3 Amplification and systemic spread of RNAi effect 
 An important feature of RNAi in nematodes as in fungi (Calo et al., 2012) and plants 
(Vaistij et al., 2002) is an amplification system that recruits RdRPs to generate more dsRNAs 
using the sense strand as a primer (Alder et al., 2003) (Figure 1.1).  This mechanism is also 
known as transitive RNAi that triggers production of secondary siRNAs by the help of 




secondary AGOs which in turn enables replication of the RNAi process (Yigit et al., 2006).  
The amplification process in C. elegans is robust as it allows silencing of a number of 
mRNAs after the introduction of only a few dsRNA molecules (Sijen et al., 2001).  The 
secondary siRNAs are more abundant than primary siRNAs and have been reported to show 
more effective silencing possibly because of their connection with a particular class of 
AGOs, specifically CSR-1 of C. elegans, that possess a Slicer activity (Aoki et al., 2007). 
 The orthologues of six proteins (SMG-2, SMG-5, SMG-6, EGO-1, RRF-3 and RRF-
1), involved in amplification in C. elegans were searched among parasitic nematodes like A. 
suum, B. malayi, T. spiralis, M. incognita and M. hapla by Dalzell et al. (2011).  The 
orthologues of two RdRPs, ego-1 and rrf-3, were considered to be most conserved among 
these parasites.  The EGO-1, active in germline cells and RRF-1 in somatic cells of C. 
elegans, may work in a complex with an RDE-3 polymerase to carry out the RNAi 
amplification process (Chen et al., 2005 a).   
 Another main characteristic of RNAi in C. elegans is its systemic spread throughout 
the organism (Fire et al., 1998).  There is a transporter protein SID-2 present in the 
intestines of C. elegans that takes up long dsRNA through an ATP- dependent process 
(Winston et al., 2007; McEwan et al., 2012).  The dsRNA taken up through microinjection or 
via the intestine is required to induce silencing in other cells of the body.  For this, the 
presence of at least one mobile silencing signal is needed.  The important factor involved in 
delivering silencing signal to target cells of C. elegans is sid-1 (Winston et al., 2002).  Since 
the SID-1 protein has been found to be specific for dsRNA (Feinberg and Hunter, 2003), it is 
believed that the nature of mobile signal is double stranded.  It also appears that the 
silencing signal is downstream of DICER activity but upstream of secondary siRNAs.  
Hence, it can be a form of primary siRNA but the exact nature of the signal has yet to be 
confirmed (Jose et al., 2011).   




Other components involved in the systemic spread of dsRNA in C. elegans are SID-3 
and SID-5.  SID-3 is a tyrosine kinase that functions to import dsRNA effectively into the 
cells (Jose et al., 2012).  Similarly, SID-5, an endosome related protein, stimulates gene 
silencing signals between cells.  However, unlike SID-1 and SID-3, Sid-5 is not needed in 
body wall muscle cells of C. elegans, rather it is present in intestinal cells where it takes up 
dsRNA and/or transfers gene silencing triggers out of the intestine (Hinas et al., 2012).  In 
addition to SID-1, SID-2, SID-3 and SID-5, three more proteins RSD-2, RSD-3 and RSD-6, 
associated with the systemic mechanism of RNAi have also been identified in C. elegans 
(Dalzell et al., 2011).  However, they are only involved in uptake of dsRNA and not in the 
systemic spread to other cells of the body.  Moreover, these proteins are active in germ-line 
cells of C. elegans and absent in somatic cells (Tijsterman et al., 2004).     
Although there is evidence for systemic RNAi in parasitic nematodes like G. pallida 
and M. incognita (Dalzell et al., 2010 b), the sequences that putatively encode the systemic 
RNAi proteins of C. elegans have not been conserved in these parasitic nematodes.  The 
only orthologue of the systemic RNAi pathway protein of C. elegans that has found in PPNs 
(e.g. M. incognita and M. hapla) and animal parasitic nematodes (e.g. A. suum, B. malayi) is 
rsd-3 (Dalzell et al., 2011; Iqbal et al., 2016).  There are genomic sequences of A. suum 
(three genomic scaffolds) and B. malayi (one genome shotgun sequence) with significant 
similarity with sequences of SID-1 of C. elegans (Iqbal et al., 2016).  The seeming absence 
of orthologs of SID-1, 2, 3, 5, RSD-2, and 6 in available sequences of parasitic nematodes 
suggests the involvement of alternative proteins or mechanism for the systemic spread of 
the RNAi signal in these nematodes (Dalzell et al., 2011).   





Figure 1.1 Schematic representation of exogenous RNAi pathway in C. elegans 
(Rosso et al., 2009) 
1.6 In vitro RNAi in PPNs (endoparasitic nematodes) 
 Homology-dependent gene silencing triggered by exogenous dsRNA in animals was 
first demonstrated in the free-living nematode, C. elegans.  The dsRNA was introduced to C. 
elegans by microinjection (Fire et al., 1998).  RNAi has also been initiated in C. elegans by 
feeding the nematode with bacteria such as E. coli strain BL21(DE3) (Timmons and Fire, 
1998) or  Bacillus subtilis strain BG322  (Lezzerini et al., 2015) expressing the dsRNA of 
target gene, and by soaking the worm in dsRNA solution (Tabara et al., 1998).  However, the 
small size of infective PPNs renders microinjection of dsRNA, a challenging mode of delivery 
for these nematodes.  Additionally, the obligate PPNs do not normally feed until they have 
infected a host and for the sedentary parasitic nematodes, J2s and eggs are the only life 
stages that can exist outside the host cells (Bakhetia et al., 2005 b; Lilley et al., 2012).  




 Effects of gene silencing have been most studied in endoparasitic nematodes as 
these nematodes are considered the most damaging PPNs (Jones et al., 2013), and 
infection sites can be identified readily. In vitro RNAi was first demonstrated in the cyst 
nematodes G. pallida and H. glycines by adding the neurochemical octopamine to the 
dsRNA soaking solution to stimulate ’swallowing’ and the uptake of dsRNA by preparasitic 
J2s (Urwin et al., 2002).  Some other neurostimulants such as serotonin and resorcinol have 
also been used to stimulate uptake of external solutions by PPNs, where these compounds 
induce pharyngeal pumping and so dsRNA uptake.  In M. incognita, resorcinol was more 
effective in eliciting uptake of fluorescein isothiocyanate (FITC), a marker used to monitor 
ingestion of solution, than octopamine or serotonin.  However, extended incubation (more 
than 4 hours) in resorcinol showed lethal effects for M. incognita (Rosso et al., 2005).  The 
addition of spermidine to the soaking solution (M9 buffer, octopamine, gelatine and dsRNA) 
and longer incubation times (24 hours), improved the efficiency of RNAi in G. rostochiensis 
(Chen et al., 2005 b).   
RNAi has also been achieved in preparasitic J2s of G. pallida and M. incognita 
without using pharyngeal stimulants when the nematodes were soaked in dsRNA of 
neuropeptides FMRFamide-like peptides (FLPs) with water (Kimber et al., 2007; Dalzell et 
al., 2009; Dalzell et al., 2010 a).  These studies suggested that the uptake of dsRNA might 
have been via alternative routes, such as through secretory/excretory pores, cuticle or 
amphids to induce target gene silencing.  Dye uptake by amphids, the paired sense organs 
in the anterior part of nematodes, has been observed in C. elegans (Hedgecock et al., 1985; 
Lilley et al., 2012).  Wang et al. (2011) found uptake of fluorescently labeled neuropeptide 
from an aqueous environment in G. pallida and H. schachtii.  Silencing of β-1, 4, 
endoglucanase expressed in the sub-ventral gland cells, and the gr-ams-1 gene expressed 
in amphids of G. rostochiensis revealed differences in susceptibility in silencing of genes, in 
this case RNAi of amphid genes was more efficient (Chen et al., 2005 b).  Hence, it can be 




deduced that dsRNA can be taken up by the exposed nerves or sensory organs and genes 
can be targeted through different routes in a nematode.     
 In vitro RNAi has been undertaken for different endoparasitic nematodes to 
understand the functional importance of a range of target genes and to downregulate 
expression of essential genes to control the nematodes (Table 1.1).  The work from 
Hussey’s lab has demonstrated up to 81% reduction in the population of established M. 
incognita that was achieved by silencing the 16D10 effector gene (Huang et al., 2006).  
Similarly soaking mixed stages of P. thornei in solutions containing dsRNA of pat-10 and 
unc-87 resulted in a reduction (up to 81%) in reproduction rate of nematodes (Tan et al., 
2013) (Table 1.1).           
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In many instances in vitro silencing of single genes has shown promising results and 
has led to identification of suitable gene targets for in planta RNAi to reduce infection of the 
plants by PPNs (section 1.7).  The inhibition of certain genes like RNAi inhibitors, identified 
in the gene-silencing pathway of C. elegans, can enhance the sensitivity of RNAi in the 
nematode.  For example, a mutation in rrf-3 of C. elegans renders the nematode more 
sensitive to RNAi (Simmer et al., 2002).  If the orthologues of these RNAi inhibitors can also 
be found in PPNs, the co-suppression with another potential target gene could enhance the 
RNAi effect.  However, RNAi of two or more genes in a nematode at the same time has 
shown reduced suppression of target genes compared to when single genes were silenced 
(Bakhetia et al., 2008).  Therefore, both in vitro and in planta RNAi of multiple genes needs 
further study in PPNs.      
1.7 Host-induced RNAi in PPNs (endoparasitic nematodes) 
 Demonstration of successful in vitro RNAi in endoparasitic nematodes indicates that 
silencing of vital genes impairs important functions such as infectivity (Rehman et al., 2009), 
reproduction (Lilley et al., 2005) and movement (Kimber et al., 2007) of nematodes.  
However, the strategy of in vitro silencing is not yet a practicable form of control of PPNs in 
field situations.  One solution to this problem is to engineer plants to express dsRNA of 
essential genes of nematodes that can initiate the silencing of the target genes in nematodes 
feeding on transgenic plants.  Initially, it was not clear whether dsRNA or even siRNA could 
be taken up by nematodes feeding on transformed plants.   
Endoparasitc nematodes, especially those that form long-term feeding sites like giant 
cells (root-knot nematodes) and syncytia (cyst nematodes), form feeding tubes when taking 
up food from host cells.  As indicated previously, feeding tubes appear to act as ultrafilters 
which limit the size of macromolecules that nematodes can ingest and also as pressure 
regulators to prevent damage to feeding cells, which have high hydrostatic pressures 
(Hussey and Mims, 1991; Gheysen and Vanholme, 2007; Jones and Goto, 2011).  The size 




exclusion limit of the feeding tubes of sedentary endoparasitc nematodes was initially of 
concern because the dsRNA or siRNA of a target gene needs to pass from the plant cell 
cytoplasm to the nematode.  But further studies revealed that Bacillus thuringiensis proteins 
ranging from 45 kDa to 140 kDa, can be ingested by an RKN, M. hapla (Zhang et al., 2012).  
On the other hand, the exclusion limit for cyst nematodes differs from that of RKNs and the 
exact size exclusion range is not yet known.  According to Eves-van den Akker et al. (2014 
b) the size exclusion limit of the feeding tube of cyst nematodes can be at least 1,864 Å2 but 
the actual limit can be better deduced on the basis of the relationship between size/ shape 
and charge of the molecules, and is not based solely on molecular weight.  However, there 
is now firm evidence for uptake of long dsRNA and siRNA by cyst and RKNs (Huang et al., 
2006; Sindhu et al., 2009; Dalzell et al., 2010 b).  Moreover, since migratory endoparasitic 
nematodes (RLNs) do not form feeding tubes, there is less likelihood of any  limitation to the 
size of dsRNA ingested through the stylet on feeding (Jones and Fosu-Nyarko, 2014), and 
the effects of dsRNA feeding from transgenic plants P. thornei, P. zeae (Tan et al., 2013) 
and P. vulnus (Walawage et al., 2013) clearly indicate that RLNs can take up dsRNA from 
host plants.  The overall result of research on host-induced gene silencing therefore support 
this approach for PPN control, and offers an important alternative strategy to conventional 
breeding for resistance, crop rotations and application of chemical nematicides 
(Tamilarasan, 2012).   
The host-mediated RNAi approach works by generation of genetically modified plants 
that express target gene dsRNA.  The RNAi constructs are prepared by cloning the coding 
region of target gene in sense and antisense directions into a binary vector, separated by an 
intron or spacer and expression regulated by a constitutive or another promoter. The coding 
region of the nematode gene is chosen such that there are no matches to any other 
sequences from the host plant, or importantly to any other organisms, to avoid any off-target 
effects.  The sense and antisense fragments are transcribed to form self-complementary 
hairpin structures with the introns/spacer forming the loops or are detached by splicing 




(Helliwell and Waterhouse, 2003).  The resulting dsRNA can be cleaved into siRNAs by 
plant DICERs (Fusaro et al., 2006).  While feeding, the nematodes ingest the dsRNA 
and/siRNA which is produced continuously by the plant (Koch and Kogel, 2014) (Figure 1.2).   
 
Figure 1.2.  Host induced gene silencing in a PPN.  (1a) The hairpin dsRNA 
(encoding sense and anti-sense sequences of the target nematode gene) is 
transcribed from the vector expressed in the transgenic plant cell (1b).  Incorporation 
of dsRNA into the DICER molecule (2) the dsRNA is cleaved into smaller siRNAs (3) 
A PPN feeding on either (a) dsRNA or (b) siRNA (4) RNAi initiated in PPN by dsRNA 
or siRNA; the dsRNA will be incorporated into nematode DICER molecule (5) the 
dsRNA cleaved into smaller siRNAs (6a & b) the guide strand of siRNA will bind to 
the RISC complex and recognise the homologous region of the PPN target mRNA 
(7a & b) degradation of target mRNA  
The effectiveness of RNAi depends on various factors, including the level of target 
gene expression, size and sequence composition of dsRNA and its location in the target 
gene (Jacobs et al., 1999; Kerschen et al., 2004).  Moreover, a strong promoter is needed 
for high expression because the production of dsRNA without target mRNA in the plant can 




prevent amplification of the silencing process.  Successful in planta RNAi has been achieved 
using promoters such as the cauliflower mosaic virus 35S promoter (Huang et al., 2006; Xue 
et al., 2013) and the ACT2 promoter from Arabidopsis thaliana (Steeves et al., 2006).  
Successful host-induced gene silencing was first demonstrated when integrase and 
splicing factor genes of M. incognita were targeted through transgenic tobacco that 
expressed dsRNA of these genes.  The silencing of target genes led to a reduction in 
establishment of the nematodes on plants and 23 out of 25 transgenic tobacco lines 
expressing splicing factor dsRNA did not produce any galls (Yadav et al., 2006).  Different 
genes from endoparasitic nematodes have been silenced since then as summarised in 
Table 1.2.  In planta RNAi studies have been done on the model plant A. thaliana since it is 
the host for both cyst and RKNs (Sindhu et al., 2009; Charlton et al., 2010).  In addition, 
many other crops such as tobacco, soybean, tomato and potato have also been used to 
demonstrate effective host mediated gene silencing of endoparasitc nematodes (Table 1.2).  
Table 1.2  Host induced gene silencing in endoparasitic nematodes (Dutta et al., 2014) 
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Although host-induced gene silencing has been effective in reducing PPN infection in 
plants, it could be improved further; for example by silencing more than one gene in a 
nematode at the same  time by plant mediated RNAi.  However, since there are issues 
regarding acceptance of transgenic plants which hinder commercialising nematode resistant 
crops (Lucht, 2015; Fosu-Nyarko and Jones, 2016 a), alternative methods also need to be 
developed to deliver RNAi triggers to plants that do not involve the production of genetically 
modified transgenic plants..        
1.8 Multiple genes silencing 
1.8.1 Multiple genes silencing in C. elegans 
More than one gene at a time has been silenced successfully in C. elegans and 
some similar studies also been undertaken for PPNs.  Tischler et al. (2006) silenced multiple 
genes through RNAi by feeding modified bacteria to C. elegans - the aim was to study 
genetic redundancy.  Before checking redundancy of genes, simultaneous gene knockdown 
was confirmed in the nematodes using four independent well-characterised genes (lin-31, 
sma-4, unc-22 and lon-2).  Observing loss-of-function phenotypes of both genes in the same 




organism validated combinatorial RNAi of two genes.  For instance, silencing of lin-31 
produced multi-vulval nematodes while knockdown of sma-4 resulted in smaller nematodes, 
and targeting both of the genes generated multi-vulval, small nematodes.  Six possible 
combinations of these four genes were analysed in wild-type and RNAi-hypersensitive rrf-3 
lines.  Five out of six combinations showed double gene silencing in nematodes, and not 
surprisingly, the additive effect was more pronounced in the rrf-3 strain.  Later, seven pairs 
of genes (mec-8 + sym-1, sop-3 + sop-1, tbx-8 + tbx-9, hlh-1 + unc-120, hlh-1 + hnd-1, unc-
120 + hnd-1, egl-27 + egr-1) with synergistic effects were targeted for RNAi.  Single gene 
silencing produced comparatively weaker phenotypes compared to the double genes 
silencing, most prominently in the mutant rrf-3 strain thus indicating redundancy among 
some genes.  The experiment confirmed that more than one gene could be silenced in the 
same animal through bacteria-mediated RNAi (Tischler et al., 2006).   
In another approach, two feeding experiments for simultaneous gene silencing were 
compared in C. elegans.  The experiments were conducted with oma-1 and oma-2 genes, 
both of which are involved in oocyte maturation.  Three plasmids for producing dsRNA for 
the genes were constructed; two plasmids carried the sequences of the target genes 
separately, and the third had sequences of both genes fused together.  The plasmids were 
used to transform the E. coli strain HT115 (DE3).  In the first experiment, the bacteria 
expressing oma-1 and oma-2 were fed to the nematodes separately and also in a mixture 
(double feeding).  The second experiment included feeding of bacteria expressing oma-
1;oma-2 (double knockdown) to the nematodes (Figure 1.3).  The results showed that during 
double feeding mRNAs decreased to 2-fold of control (empty vector pPD129.36) while in 
double knockdown mRNAs of oma-1 and oma-2 decreased 7 and 16 fold of control 
respectively, indicating that double knockdown had a profound effect in this double gene 
silencing.  They had also tried triple knockdown using gfp and transcription factor daf-16 as 
third genes along with oma-1 and oma-2 (oma-1;oma-2:daf-16 and oma-1;oma-2:gfp) and 




observed a significant decrease in the number of mature oocytes without any fluorescence 
(Gouda et al., 2010).    
 
Figure 1.3  Schematic representation of the plasmids used in the study (a) The 
plasmid showing insertion of oma-1 cDNA; (b) The plasmid showing insertion of oma-1 
cDNA (c) The plasmid indicating the position of oma-1 and oma-2 cDNA bound together 
(Gouda et al., 2010) 
 
There has also been evidence of dilution effects of some genes during multiple 
genes silencing when a mixture of bacteria expressing dsRNA of different genes was fed to 
C. elegans, compared to bacteria expressing dsRNA of the same number of genes in single 
vector (Min et al., 2010).  This was found when RNAi effects of dpy-5 and mes-3 were 
analysed in a study in C. elegans: dpy-5 codes for cuticle collagen and its knockdown 
produces the “Dumpy” phenotype (Dpy phenotype) resulting in short, worms lacking cuticular 
annuli, while mes-3 is a maternal effect gene which encodes maternal components needed 
for post-embryonic development of germ line cells and generates sterile progeny (Mes 
phenotype) when silenced.  Feeding on single bacteria cultures (expressing either type of 
dsRNA) showed each phenotype (78.9% Dpy phenotype and 76.8% Mes phenotype, 
respectively), whereas when worms were fed on a mixture of bacteria expressing either of 
the genes, the Dpy phenotype was not obvious and the mes-3 knockdown gave similar 




results to that of single gene silencing.  However, double knockdown experiments with both 
genes in the one plasmid generated better results with increased Dpy phenotype (66.1%).  
From these experiments, it was concluded that similar phenotypes were generated from 
silencing of two genes irrespective of the order and orientation of inserts in the plasmid used 
to generate the dsRNA (Min et al., 2010). 
1.8.2 Multiple genes silencing in PPNs 
In the case of PPNs, only a few studies aimed at silencing more than one target at 
the same time have been done.  The first of such studies involved functional analysis of 24 
genes of the dorsal pharyngeal gland of the soybean cyst nematode H. glycines.  The effect 
of soaking the J2 nematodes in a mixture of dsRNA of two highly expressed genes dg13 and 
dg14 was also undertaken as a part of the experiment, and unexpected results were 
obtained.  There was an increase in expression of dg13 after soaking compared to untreated 
nematodes, which may be associated with the competition of siRNAs for RISC between the 
two genes (Bakhetia et al., 2008).   
In a similar experiment using the root-knot nematode, M. incognita, the combined 
effect of silencing of two neuropeptide genes flp-14 and flp-18 and a pharyngeal gland gene 
16D10 were studied.  The J2s were soaked in a buffered solution containing dsRNA of these 
three genes individually as well as in different combinations (flp- 14 + flp-18, flp-14 + 16D10, 
flp-18 + 16D10 and flp-14 + flp-18 + 16D10).  The influence of single and multiple gene 
silencing was observed on nematode attraction to host roots, infection rate, development 
and reproduction.  Although nematodes treated with all three genes singly and in 
combination showed reduced attraction and penetration in the roots, RNAi of flp-18 alone 
resulted in the greatest reduction in attraction and penetration.  However, combined 
silencing of the three genes was most effective for reducing the fecundity of nematodes 
when compared to single and double gene silencing.  These results indicated that multiple 
gene knockdown can affect a range of nematode activities and can be explored further as a 




strategy to enhance RNAi efficiency when the technology is applied as a mechanism for 
nematode control (Banakar et al., 2015).  
In vitro multiple genes silencing could be an important step towards improving the 
potency of RNAi in PPNs, but it remains to be seen whether multiple gene silencing in PPNs 
could control these nematodes more effectively in the field.  There are commercialised 
transgenic plants which have multiple target genes; this is usually referred to as gene 
stacking.  Stacking can be achieved through successive transformations of single genes, co-
transformation by combining transfer of different genes to plants in a single transformation 
event, and sexual crosses of transgenic plants previously transformed with different 
transgenes (Dafny-Yelin and Tzfira, 2007).   
A co-transformation method has been used to reduce severity of crown-gall disease 
and P. vulnus infestation in walnut rootstock at the same time (Walawage et al., 2013).   
Walnut somatic embryos were co-transformed with Agrobacterium tumefaciens EHA101 
carrying binary vector pDE00.0201 with self-complementary crown gall genes iaaM and ipt, 
and Agrobacterium rhizogenes MSU440 harbouring pGR-PV010 binary vector with P. vulnus 
Pv010 gene.  The combination of bacterial strains (EHA101:MSU440) in a 1:1 ratio yielded 
efficient co-transformation as compared to a 1:3 ratio.  Co-transformed roots exhibited a 
79% reduction infestation with P. vulnus, but transformation with single vector was more 
effective against the nematodes since it was reported that the single vector transformed lines 
delivered a 100% reduction in reproduction of these nematodes (Walawage et al., 2013).   
Although the methods described above for generating transgenic plants expressing 
multiple genes are effective, there are some associated drawbacks.  For instance, stacking 
genes by re-transformation or sexual crosses of transgenic plants is time-consuming and 
may require specialised skill.  An alternative and convenient way is to transform a plant with 
a single vector containing sequences corresponding to all the target genes.  So far there are 
no reports on the use of this strategy for control of PPNs.  There is, therefore, an opportunity 




to compare the use of a single vector expressing dsRNA of two or more nematode genes to 
generate transgenic plants to determine whether this strategy can improve the efficiency of 
RNAi approaches to confer resistance to PPNs.  
1.9 Splice leader: a possible target for effective RNAi in PPNs 
 Splice leader (SL) sequences were introduced briefly in Section 1.0, and are 
discussed in more detail here.  The SL is a small RNA fragment (~15-50 nt depending on the 
species) that is trans-spliced to the 5′ end of some lowered mRNAs by the splicing 
machinery (Zhang et al., 2009).  The process of trans-splicing was discovered in 
trypanosomes (Van der Ploeg, 1986) and later in other Euglenazoa.  Trans-splicing is also 
found in dinoflagellates (Zhang et al., 2007) and some lower animals, but does not occur in 
fungi and higher plants.  Amongst lower animals, SL trans-splicing occurs in nematodes, 
flatworms, cnidarians, rotifers, non-vertebrate chordates, some arthropods, ctenophores and 
hexactinellid sponges (Davis, 1996; Stover and Steele, 2001; Vandenberghe et al., 2001; 
Ganot et al., 2004; Pouchkina-Stantcheva and Tunnacliffe, 2005; Douris et al., 2010).  The 
organisms having SL trans-splicing mostly have operons.  The purpose of SL trans-splicing 
in these organisms is to process polycistronic transcripts from operons to mature 
monocistronic mRNAs (Liu et al., 1996). During this process, the SL RNA provides a 5′ cap 
structure to protein-coding RNAs transcribed by Pol I (rRNA polymerase) and improves 
mRNA translational efficiency by a hypermodified cap structure or leader sequence 
(Hastings, 2005).  Because the SL may play a vital role in stabilisation of mRNA 
(Blumenthal, 1995; Liu et al., 1996) and it occurs in nematodes, it can be used as a potential 
target for RNAi in PPNs. The principle of this is that if SL RNA expression could be 
disrupted, the transcription and function of many vital genes would also be disrupted, leading 
to much-reduced viability or the demise of the target species. 




1.9.1 Mechanism of trans-splicing  
During SL trans-splicing, the SL with a 5′ splice site (-GU) primarily occurs as the 5′ 
end of longer precursor RNA (SL RNA) where it acts like an exon in the cis-splicing 
mechanism, while the 3′ end of the SL RNA works as an intron-like structure and bears an 
Sm protein complex binding site (Nilsen, 1993; Liang et al., 2003).  The SL RNA interacts 
with a pre-mRNA having an intron-like sequence at its 5′ end and a 3′ splice site (-AG).  This 
intron-like sequence of pre-mRNA is termed as an “outron” (Conrad et al., 1991).  While 
trans-splicing, first the SL exon (with a free hydroxyl group at 3′ end) is separated from the 
SL RNA and its 5′ splice site is linked to the branch point A of the outron through a 2′, 5′ 
phosphodiester bond forming a Y-branched structure (Figure 1.4 a) (Bektesh and Hirsh, 
1988).  This step is followed by an attack at the 3′ splice site by a free hydroxyl group thus 
linking the SL to pre-mRNA which then leads to excision of the branched intron RNA (Pettitt 
et al., 2010) (Figure 1.4 b).  Along with the SL sequence, a cap structure is transferred to the 
5′ end of the pre-mRNA generating a mature mRNA (Figure 1.4 c).  The cap structure plays 
an important role in mRNA translation (Cheng et al., 2006).  The cap structure could be 
trimethylguanosine cap in nematodes (Thomas et al., 1988) or a 7-methylguanosine cap in 
trypanosomes (Perry et al., 1987).   





Figure 1.4 The SL trans-splicing mechanism in nematodes.  (a) SL RNA and pre-
mRNA as important components of trans-splicing: the splice donor site (GU) interacts with 
the A branch point in intron-like region of pre-mRNA (b) Y-intron structure is formed with the 
exon of pre-mRNA and SL exists with free 3’ hydroxyl (OH) end (c) The Y-intron is replaced 
by SL and generates a mature mRNA (Modified from Pettitt et al. (2010). 
 
1.9.2 SL-trans-splicing in nematodes 
SL trans-splicing was first identified in C. elegans among nematodes (Krause and 
Hirsh, 1987) and since then it has been extensively studied in this organism as well as for A. 
suum (Nilsen, 1993).  In the order of 70% of C. elegans mRNA is considered to be trans-
spliced to either of two SLs, SL1 or SL2, that are associated with ~100-110 nt SL mRNA 
(Blumenthal and Gleason, 2003).  The 22nt SL1s (GGTTTAATTACCCAAGTTTGAG) are 
more abundant in C. elegans than SL2s (GGTTTTAACCCAGTTACTCAAG) (Stricklin et al., 
2005; Guiliano and Blaxter, 2006; Graber et al., 2007).  The upstream genes of operons are 
mostly trans-spliced to SL1 followed by polyadenylation at the 3’ end (Kuersten et al., 1997).  




However, the SLs, generally associated with downstream genes in C. elegans operons, are 
more likely to be SL2 or SL2-like sequences (Huang and Hirsh, 1989; Hu and Rubin, 1991; 
Spieth et al., 1993).  The SL2-like SLs in C. elegans are derivatives of 19 SL2 –like snRNA 
genes scattered across the genome, whereas ~110 copies of SL1 RNA genes are found in 
the tandem repeat fragment as 5s ribosomal RNA gene (Blumenthal, 1995).  There are also 
different sequence variants of SL2, referred as SL3-SL12 in C. elegans (Blumenthal, 2005; 
MacMorris et al., 2007) while SL1 is monomorphic (Evans et al., 2001).   
Although there are many variants of SL2, the SL1 sequence is mostly conserved 
across the nematode phylum (Stratford and Shields, 1994).  However, some SL1 variants 
have also been identified in nematode species including P. pacificus, B. malayi, A. suum, 
Aphelenchus avenae, and M. javanica (Guiliano and Blaxter, 2006).  In M. incognita, a single 
base variation in the SL1 sequence has also been reported (Ray et al., 1994).   
Based on available literature, the SL RNAs (apart from the SL sequence) show little 
or no sequence conservation among different phylogenetic groups (Pettitt et al., 2010).  The 
length of the SL RNA is small (up to 150 nt) but it varies among different organisms (Nilsen, 
2001; Vandenberghe et al., 2001).  However, some regions of SL RNA are important for 
trans-splicing and are considered conserved among nematodes.  These include the splice 
donor site (GU) directly after the SL sequence and the sm-binding motif (AAUUUUGG), 
involved in holding the RNA-protein particle during splicing; it also functions in methylation of 
the cap structure, in the SL RNA intron.  Additionally, a sequence GUGGC is present, nine 
bases upstream of the first adenosine (A) of the sm binding region, and this has been found 
in potato cyst and other nematodes (B. malayi, Onchocerca volvulus) (Hannon et al., 1992; 
Stratford and Shields, 1994; Pillai et al., 2001).  
Genomic and transcriptome sequence data and molecular techniques currently allow 
analysis of genes that are trans-spliced and those potentially organised in operons. For C. 
elegans, about 20% of genes occur in 1,054 operons; there are two to eight genes per 




operon (Blumenthal and Gleason, 2003) with an inter-cistronic distance ranging from 100 to 
400nt (Blumenthal et al., 2002).  From a study on operon organisation in C. elegans by 
(Reinke and Cutter, 2009), it appears genes linked with tissue and stage specific expression 
are not arranged in operons, whereas those expressed in the hermaphrodite germline 
potentially are.  Some of the operons have genes with related functions.  For instance, in C. 
elegans protein disulphide isomerase pdi-1 and cyclophilin cyp-9 are in operon CEOP3132 
and both genes encode isomerase enzymes (Page, 1999), but most of the genes in operons 
are not functionally related (Guiliano and Blaxter, 2006).  One of the four C. elegans 
glyceraldehyde phosphate dehydrogenase mRNAs is known to be trans-spliced with SL2 
(Huang and Hirsh, 1989).  In P. pacificus, a vulval patterning gene, mab-5 is trans-spliced 
with the SL1 (Jungblut and Sommer, 1998).  Among PPNs, the sec-1 mRNA encoding a 
putative oesophagal gland protein in M. incognita is trans-spliced with an SL1 variant (an A 
to G substitution, 20 nt from 5’ end).  The sec-1 gene has been reported to be specific to 
Meloidogyne species where orthologues have been found in M. javanica, M. hapla and M. 
arenaria (Ray et al., 1994).  
In the light of the important roles of the spliceosome and the SL RNA gene in 
particular, the question is, whether the SL RNA gene and the SLs are potential targets for 
RNAi as a nematode control strategy.  Since a deletion or insertion mutation in a gene in an 
operon affects not only that gene but also the downstream genes in C. elegans (Cui et al., 
2008), it is important to know if the disruption of SL RNA or SL function(s) has the potential 
to interrupt transcription of some vital genes which will lead to reduced viability of the target 
nematode.  It therefore appears that the SL sequence should be explored further in PPNs to 
investigate its use as a potential gene-silencing target.  
1.10 A novel strategy for plant-mediated RNAi  
The ideas of using multiple gene silencing and investigating the potential of the SL 
RNA as an RNAi target are two potentially new strategies for improving RNAi efficacy to 




control PPNs.  In addition, the mode of delivery of RNAi triggers to nematodes is also an 
important aspect, because it needs to be effective, acceptable and economical.  In current 
techniques dsRNA is introduced into plants through traditional techniques such as bacterial 
transformation and electroporation.  Some novel strategies for delivering RNAi triggers to 
plants are also being explored, one of which is the delivery of dsRNA to plants by spraying.  
For example, crude extracts of bacterially expressed dsRNA have been shown to confer 
resistance to Nicotiana benthamiana against Pepper mild mottle virus (PMMoV) and Plum 
pox virus (PPV).  In this experiment, the replicase genes of PMMoV and helper component 
and, coat protein gene of PPV were cloned in bacteria (E. coli HT115 (DE3)) designed to 
express dsRNA for the particular gene.  The extracts of dsRNA-producing bacteria were 
passed through a French press and sprayed on plants.  A reduced viral infection was 
observed in the sprayed plants compared to the controls (Tenllado et al., 2003).  Similarly, 
bacterially expressed dsRNA spray encoding the viral coat protein gene has been shown to 
reduce infection of sugarcane mosaic virus (SCMV) in maize plants (Gan et al., 2010).   
Another approach to target genes of pests and parasites of host plants involves 
spraying naked dsRNA corresponding to the selected gene; this method would reduce 
negative public perception that may be associated with directly spraying bacteria onto plants.  
Tang (2016) developed a method for spraying dsRNA onto plants which involves the use of 
the plant hormone brassinosteroid that is thought to mediate penetration of dsRNA intocells 
of  leaves of maize plants (12 days after germination).  Other plant hormones that could be 
used include abscisic acid, auxin, cytokinins, gibberellins, jasmonates, ethylenes, salicylic 
acid, nitric oxide or strigolactones.  In this demonstration, the gene for ZsGreen fluorescent 
protein was silenced 20 days after application of 250 ng/µL dsRNA, water and about 0.8 to 
about 1.6 micromolar brassinosteroids onto leaf surfaces, indicating successful uptake of 
dsRNA through leaf surface structures (Tang, 2016).  Certain factors, such as washing 
dsRNA from the leaf surface, dsRNA stability and systemic movement inside the plant 
should be taken into account during application of naked dsRNA to plant surface.  A study 




on foliar application of dsRNA of the actin gene of the chewing insect pest Colorado potato 
beetle (CPB) on leaves of potato plants demonstrated that dsRNA applied to leaves can 
remain intact for up to 28 days (San Miguel and Scott, 2016).  In this case, the dsRNA-
treated plants were protected from CPB compared to control plants treated with dsRNA of 
the gene encoding the green fluorescent protein (gfp) and those treated not treated with 
dsRNA.  However, because there was no systemic movement of dsRNA in leaf tissues, 
enough dsRNA needed to be sprayed to cover the foliage. 
1.10.1 Use of carrier peptides and nanoparticles for ectopic delivery of dsRNA to 
plants 
To ensure maximum penetration of RNAi triggers into plant tissues, carrier peptides 
have been used to introduce dsRNA into plant cells to induce local gene silencing of 
exogenous (yellow fluorescent protein) and endogenous genes (chalcone synthase) in 
Arabidopsis thaliana (Numata et al., 2014).  The carrier peptide consisted of plant cell 
penetrating peptide (BP100) fused with a polycation (KH9) that can bind to the negatively 
charged dsRNA.  The dsRNA-peptide complex was characterised and several parameters 
(e.g. molar ratios with respect to size, charge, secondary structure and RNAse resistance) 
optimised in order to attain significant silencing.  The complex at a molar ratio of 
peptide/dsRNA of 2 was considered the best for delivering dsRNA.  The method developed 
was less time consuming and results were observed only 9h after infiltration.  Although this 
method demonstrated successful gene silencing, it has only been used for local gene 
knockdown, and further work is needed to investigate if these peptides would allow or 
facilitate systemic movement of RNAi triggers in plant tissues.   
1.10.2 Use of Chitosan nanoparticles   
Stability of dsRNA is a major aspect of the spraying protocol that needs to be 
investigated.  Chitosan is considered an potential polymer to deliver dsRNA.  It can enclose 
DNA or RNA by ionic interactions and can form nanopolyplexes which are of low toxicity, 
biodegradable, biocompatible and inexpensive to make (De Smedt et al., 2000; Köping-




Höggård et al., 2001).  Nanopolyplexes can be stabilized by chemical modifications and by 
optimisation of positive charges of chitosan and negative charges on nucleic acids.  
Chitosan has been used to transport plasmid DNA and RNA to in vitro and in vivo systems 
(Köping-Höggård et al., 2001; Rojanarata et al., 2008; Weecharangsan et al., 2008; 
Techaarpornkul et al., 2010).  Formation of quaternized chitosan can enhance their solubility 
at neutral and basic pHs.  This approach has been at least 50% successful when used to 
establish in vitro RNAi protocols in Spodoptera frugiperda (Sf9) cells against the Yellow head 
virus (Theerawanitchpan et al., 2012).  Efficient chitosan-delivered dsRNA has also been 
reported in mosquitoes (Zhang et al., 2010), where chitosan-coated chitin synthase dsRNA 
when orally administered to Anopheles gambiae mosquitoes resulted in increased 
susceptibility of the mosquitoes to insecticides (diflubenzuron, and calcofluor white (CF) or 
dithiothreitol).  Easy delivery of stabilised dsRNA is now possible in organisms that can feed 
on these nanoparticles.  However, chitosan-mediated RNAi has not been investigated in 
plants; there is currently no information available on whether these particles can move 
across plant cell walls and that coated dsRNA can move systemically within plants.  To apply 
this method for PPN control, dsRNA would have to move systemically from the point of 
application, the leaves, to the roots where nematodes could potentially ingest the triggers.   
1.10.3 Use of cationic fluorescent nanoparticles 
A potential method of delivering and ensuring systemic movement of dsRNA targeted 
against PPN genes may involve the use of ‘optimised’ nanoparticles.  Cationic fluorescent 
nanoparticles G1, G2 and G3 are potential carriers of dsRNA as their water solubility, 
photostability and fluorescence make them easier for experimentation.  Among these the G2 
type has been evaluated as the most suitable nanoparticle to deliver DNA and dsRNA to 
plants by Jiang et al. (2014).  The G2-mediated delivery of dsRNA was analysed using two 
reporter genes, the Shoot meristemless (STM) and Werewolf (WER) genes, in Arabidopsis.  
The STM gene is expressed in shoot apical meristem (SAM) and is required to maintain the 
SAM, while the latter is expressed in root epidermal cells and helps to maintain non-hair 




identity in root epidermis.  The dsRNAs prepared for both genes were labeled with a blue 
reference dye (CXR) and loaded onto G2 nanoparticles.  Application of the nanoparticle 
coated-dsRNA to root tips of Arabidopsis showed blue signal throughout the root after 24 
hrs.  Additionally, after three days of continuous application of G2-dsRNA complex, real-time 
PCR results indicated reduced expression of both genes.  The phenotypic changes in the 
plant (disruption in SAM (STM) and hairy root growth (WER)) after five days of treatment 
further corroborated the effectiveness of the delivery and systemic movement of dsRNA in 
the plant (Jiang et al., 2014). 
1.10.4 Use of Bioclay nanoparticles   
A recent advancement of generation of a Layered Double Hydroxide (LDH) 
nanoparticle has been by Mitter et al. (2017).  The LDH is able to load 300-2000bp dsRNA 
and slowly releases it to plants after topical application.  The LDH has been called “Bioclay”.  
The dsRNA loaded on Bioclay stayed on sprayed leaves even 30 days after application and 
conferred resistance to pepper mild mottle virus (PMMoV) and cucumber mosaic virus 
(CMV) for up to 20 days.  The capacity for loading longer dsRNA can also be useful because 
longer dsRNAs are more efficient for inducing RNAi than shorter dsRNAs.  For example, 
bacterially expressed dsRNAs of lengths 977 and 596 bp enhanced the efficiency of RNAi 
for PPMoV, whilst shorter fragments of 315 bp were much less effective in reducing PPMoV 
infection (Tenllado and Dıaz-Ruız, 2001).  Similarly, topical application of dsRNA (297 and 
208 bp) of CPB actin on potato leaves, restricted the development of CPB larvae better than 
shorter dsRNAs of 102 and 50 bp (San Miguel and Scott, 2016).   
Since the topical delivery of stabilised, longer dsRNA to plants has provided good 
evidence for protection against plant viruses and insects, the approach has potential to 
confer resistance to PPNs.  However, because host-nematode interactions have special 
features (e.g. the formation of long term feeding cells), this approach requires additional 
study for nematode control.  




1.11 Aims and objectives of the research  
The overall aim of this research was to investigate strategies that could improve the 
efficiency of RNAi in PPNs, with the aim of using the technology as a control strategy against 
nematode pests.  In addition, the results obtained should add to new knowledge to the 
subject, and contribute to win the battle against plant nematode pests. 
The main objectives of this research were: 
x to study whether the effectiveness of RNAi in the cyst nematode, H. schachtii, 
could be enhanced by downregulating more than one target gene at the same 
time 
x to analyse sequence data to assess the existence of SL RNA genes in PPNs 
x to determine if knockdown of SL RNA/SL sequences would increase the 
efficacy  of control of the PPNs H. schachtii and P. thornei  
x to assess possible systemic movement of dsRNA through plants after foliar 
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2.0 Nematode cultures, plant materials and plant growth 
The H. schachtii population used in this research was obtained from brassica plants 
growing on a vegetable farm north of Perth in Western Australia.  Cultures of the nematode 
were maintained on broccoli and cabbage plants in a glasshouse at 25oC (day) and 15oC 
(night).  Cultures of the root lesion nematode, P. thornei, were maintained on sterilised carrot 
discs in vitro; preparation of the discs and conditions of the nematode culture were as 
described by Tan et al. (2013) and Tan (2015).  
Arabidopsis thaliana ecotype Columbia-0 was used for plant transformation and for 
nematode bioassays after J2s of H. schachtii had been treated with dsRNA.  The plants 
were grown in previously pasteurised a soil mix in 0.16 L pots (product code: T6OR, Garden 
City Plastics, Perth, Australia) in a glasshouse at 23 ± 5°C and 16 hours light.  The soil mix 
was made with three parts of Murdoch mix (composted pine bark: coarse river sand: coco 
peat in a 2:2:1 ratio) and one part of Richgro® Seed and Cutting Mix with the following 
fertilisers: Grower’s blue® (60 g), Osmocote® (60 g), dolomite (20 g) and calcium carbonate 
(15 g) per 40 L of soil mix.  The first, single inflorescence of Arabidopsis plants was usually 
used cut off; this treatment promoted growth of multiple inflorescences for transformation via 
the floral dip method (Bent, 2006).   
2.1 Nematode extraction  
To obtain large numbers of J2s of H. schachtii for in vitro dsRNA soaking 
experiments or for bioassay of transgenic plants, the nematodes were extracted from soil 
using a misting apparatus in a glasshouse at Murdoch University as described by Fosu-
Nyarko et al. (2016 b).  About 50 g of soil from beet cyst nematode (BCN)-infected root zone 
was placed in a 200 mL plastic funnel lined with two coffee filters and kept in the misting 
apparatus.  The mist chamber delivers a fine water mist spray to the samples every 10 
minutes for 10 seconds.  Active nematodes migrate through the coffee filters and are 
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washed down the funnel into a tube sealed at one end with clip and flexible tube for sample 
collection.  Active nematodes were collected in about 30 mL of water every two days and 
kept at 4°C to settle.  Excess water was then removed from the bottle by vacuum suction.  
The J2s were then washed with clean water and collected after passing through 38 µm 
sieve, that allowed only active J2s to pass through but retained any debris and dead 
nematodes.    
The extracted J2s were cleaned using a sucrose gradient method (Amin et al., 2014) 
followed by gentle surface sterilisation. The gradient consisted of 3 mL of 50% sucrose 
overlaid with 4 mL of 10% sucrose in a 15 mL propylene tube.  The nematodes suspended 
in water (4 mL) were carefully added to the top of the column.  The tube was centrifuged at 
2,150 g for 15 minutes, after which the J2s were carefully collected from the interphase of 
the two sucrose solutions using a pipette.  The nematodes were washed to remove sucrose 
by pouring the J2s onto a 10 µm sieve and passing 1 L of sterile water through it.  The J2s 
were then surface sterilised by soaking in 1% chlorhexidine gluconate (hibitane) for 20 
minutes, followed by 1% streptomycin sulphate for 2 minutes and then five washes with 
sterile water.  The nematodes were then harvested by gentle centrifugation at 1200 g for 2 
minutes.  
2.2 Extraction of total RNA from nematodes and cDNA synthesis  
              Total RNA from J2s of BCN obtained from soil (Section 2.1) or after in vitro soaking 
experiments (Section 2.14) was extracted using the TRIzol LS reagent (Life Technologies 
Corporation, Australia).  About 2000 clean, surface-sterilised J2s from soil or 1,800 from in 
vitro cultures (washed 2-3 times to remove soaking solutions from the nematode surfaces) 
were snap-frozen in liquid nitrogen and homogenised in a sterile 1.5 mL microfuge tube with 
three stainless steel beads (3.2 mm) using a Tissue Lyzer (Qiagen, Australia) at 25 Hertz for 
two minutes.  Immediately after lysis, 500 µL of diluted (3:1) Trizol LS reagent was added to 
the macerated samples followed by extraction with 200 µL of chloroform.  The organic 
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(containing proteins) and aqueous (containing nucleic acids) phases were separated by 
centrifugation at 4ºC at 12,000 g for 15 minutes.  The upper aqueous phase was transferred 
to a clean 1.5 mL tube.  The nucleic acids were then precipitated overnight after adding 1/20 
volume of 5 M NaCl and 2.5 volumes of cold 100% ethanol.  Following centrifugation at 
12,000 g for 30 minutes, the pelleted RNA was washed with 1 mL of 70% ethanol and 
resuspended in 30 µL of RNAse-free water.  It was treated with 6.8 KU of DNaseI with 10 µL 
of RDD buffer (RNase-Free DNase set, Qiagen, Australia) to eliminate any traces of DNA.  
The mixture of RNA extract with the enzyme and buffer was incubated at room temperature 
for 10 minutes followed by purification with chloroform extraction and ethanol precipitation as 
described above.  The RNA was pelleted as described above and finally resuspended in 20 
µL of nuclease-free water.  The quality and quantity of the RNA were then assessed using a 
Nanodrop (ND-1000) Spectrophotometer. 
 The cDNA was synthesised from 500 ng of total RNA using the MultiScribe High 
Capacity Reverse Transcription kit (Applied Biosystems, Australia).  All reactions were 
carried out in an Applied Biosystems 2720 thermal cycler according to the manufacturers’ 
protocol.  The cDNA was quantified using the Nanodrop (ND-1000 Spectrophotometer).  
2.3 Quick extraction of genomic DNA from Arabidopsis 
 To confirm the transgenic status of Arabidopsis plants, 0.5 cm leaf tissue samples 
were transferred to 1.5 mL microfuge tubes which were then frozen in liquid nitrogen.  A 
quick method for genomic DNA extraction described by Henry (1997) was adopted.  The 
frozen leaf tissue was macerated using a sterile plastic pestle in 200 µL extraction buffer 
(100 mM Tris-HCl, pH 9.5, 1 M KCl and 10 mM EDTA).  Samples were then heated at 95°C 
for 10 minutes in a heating block, centrifuged at 14,000 g for 2 minutes and 1 µL of the 
supernatant was used as a template for PCR.   
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2.4 Primer designing 
Gene-specific primers used in this study were designed manually from ESTs of gene 
sequences available at National Centre for Biotechnology Information (NCBI) or from reads 
of the transcriptome of H. schachtii published by Fosu-Nyarko et al. (2016 b).  Melting 
temperatures and potential secondary structures were analysed using the Integrated DNA 
Technologies (IDT) OligoAnalyser.  Quantitative PCR (qPCR) primers were designed from 
regions of sequences not included in target dsRNA used for in vitro RNAi soaking 
experiments.  The sequences, length and the purpose of the primers are described in 
relevant Sections of this thesis.  Primers, received from IDT in a lyophilized state, were 
prepared as 100 pmol/µL  stocks with nuclease-free water from which working stocks of 10 
pmol/µL mostly used in PCRs were made: both solutions were stored at -20oC. 
 Sequences of primers for confirming successful ligations of DNA fragments to cloning 
vectors were either obtained from public literature, manufacturers of the vectors or were 
designed manually.  These primers are described under relevant Sections of the thesis, 
included M13-F (5′-TAAAACGACGGCCAGT-3′) and M13-R (5′-CAGGAAACAGCTATGAC-
3′) for the pDoubler vector, SIntron-F (5′-TCATCATCATCATAGACACACGA-3′), S35S-R (5′-
GATTGATGTGACATCTCCACTGA-3′), ASNosA (5′-CATCTCATAAATAACGTCATGCATT-
5′) and the reverse primer ASIntron (5′-TCGTGTGTCTATGATGATGATGA-5′) for the 
pCleaver-NosA vector, and 35SART (5′-GTCTTGATGAGACCTGCTGCGTA-3′), SP6 (5′-
CATACGATTTAGGTGACACTATAGA-3′), NptII-F (5′-TGCTCCTGCCGAGAAAGTAT-3′) and 
NptII-R (5′-AATATCACGGGTAGCCAACG-3′) for the pART27 binary vector.   
2.5 Polymerase Chain Reactions (PCRs) 
2.5.1 Amplification of genes and ESTs  
PCR was normally done in a 20 µL  reaction volume, in which the amount of DNA 
(plasmid DNA, genomic DNA or cDNA) varied from 100 ng to 300 ng.  A typical PCR 
reaction consisted of 0.25 -1.5 U of MyTaq DNA polymerase (Bioline (Australia), 4 µL of 5x 
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MyTaq Reaction Buffer containing a final concentration 3 mM MgCl2 and 1 mM dNTPs, and 
10 picomoles of each of forward and reverse primers.  The cycling conditions were a single 
initial denaturation step of 94°C for 3 minutes, followed by 25 to 40 cycles of denaturation at 
94°C for 30 seconds, extension at 72°C for 30 seconds and a final incubation step at 72°C 
for 7 to 10 minutes to ensure complete extension.  The annealing temperature of primers 
varied.  PCR reactions were done in an Applied Biosystems 2720 thermal cycler.  
Amplification of a 364 bp fragment of the selectable marker gene neomycin 
phosphotransferase II (nptII) was used to confirm T-DNA insertion into genomic DNA of 
transgenic plants using the primer pair, NptII-F and NptII-R (Section 2.4) with an annealing 
temperature of 55°C for 15 seconds.  Details of amplification of specific nematode 
genes/ESTs from cDNA using gene specific primers are described in relevant Chapters.   
 
2.5.2 Colony screening PCRs 
 Colony PCRs to confirm successful cloning of target genes were conducted using 5 
µL of colony suspension (single bacterial colony picked with a 10 µL tip and resuspended in 
20 µL of sterile water) and the primers appropriate for the vector used for cloning (Section 
2.4).  Amplicons from all PCRs were run on 1% agarose gel prepared with 1x Tris-acetate 
EDTA (TAE) buffer diluted from (50x TAE buffer).  Gel electrophoresis was done at 55-70 V 
for 30 minutes to 2 hours.  Agarose gels were pre-stained with 5 µL SYBR Safe DNA gel 
stain (Life Technologies, Australia) per 50 mL of gel, and DNA bands visualised with a 
transilluminator attached to a camera system (Fisher Biotech, Australia) and BioVision 
software (Vilber Lourmat, Germany).  Appropriate DNA markers used to determine sizes of 
DNA were obtained from New England BioLabs, Australia or Fisher Biotech, Australia.  
2.5.3 Quantitative PCRs 
qPCRs were performed using the SensiMix™ SYBR® No-ROX Kit (Bioline, Australia) 
in a Corbett Rotor-Gene quantitative thermal cycler (Qiagen Pty Ltd., Australia).  
Concentrations of forward and reverse gene-specific primers were optimised.  All PCRs 
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were done in triplicates and the mean of Ct value determined.  Details of primers used for 
qPCRs are described in Sections 3.2.3.  The qPCR conditions used were 95 °C for 5 
minutes, followed by 40 cycles of 95 °C for 15 seconds and 55 °C for 60 seconds.  Fold 
changes in gene expression were determined using the ∆∆CT method as described in the 
Applied Biosystems ABI PRISM 7700 sequence detector system Bulletin 2 (Livak, 1997).   
2.6 DNA cloning 
2.6.1 Vectors for cloning 
 All recombinant DNA work was undertaken in containment (PC2 ) facilities in the 
accredited labs of the WA State Agricultural Biotechnology Centre.  Plasmid DNA vectors 
used in this study were pDoubler, pCleaver-NosA and pART27.  The vectors pDoubler and 
pCleaver-NosA were kindly provided by Dr. John Fosu-Nyarko.  The pDoubler vector was 
used to prepare DNA templates used for generating dsRNA via in vitro transcription.  The 
pCleaver-NosA vector was used to clone sense and antisense arms of a target sequence, 
which with a loop sequence already present in the vector, will create a hairpin cassette when 
transcribed.  The modified vector is then used as a shuttle vector for transferring hairpin 
cassettes of target genes into the binary vector, pART27 (Gleave, 1992), which was used for 
plant transformations. 
2.6.1.1 pDoubler 
 The pDoubler vector (Figure 2.1) was used for cloning target gene sequences (single 
and multiple gene constructs of H. schachtii described in Section 3.2.1 and the phytoene 
desaturase gene (pds) detailed in Section 5.2.2).  The multiple cloning site of the vector is 
flanked by T7 promoter sequences (Figure 2.1) and allows digestion of cloned fragments 
using either EcoRI or NotI.  The resulting digested fragment has opposing T7 sites for 
bidirectional in vitro transcription of double-stranded DNA to generate dsRNA.  Recombinant 
plasmids with the pDoubler backbone are selected with 50 µg/mL of kanamycin 
monosulfate.  
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 pDoubler was also used as a shuttle vector to generate sense and antisense 
sequences of target genes required for creating a hairpin cassette using the vector 
pCleaver-NosA.  To do this, DNA fragments with XhoI and KpnI at the 5’ and 3’ ends, 
respectively, previously ligated to pDoubler were digested using these enzymes.  The 
digested fragment was then ligated to XhoI and KpnI -linearised pCleaver-NosA as a sense 
sequence.  The same pDoubler-cloned fragment, when digested with AscI and XbaI 
(restriction sites present in multiple cloning site of pDoubler) and ligated to pCleaver-NosA 
(See Section 2.6.1.2) created an antisense sequence because the positions of the AscI and 
XbaI in pCleaver-NosA are reversed.  
 
Figure 2.1 Vector map of pDoubler, showing the major multiple cloning sites, promoters, and 
selectable maker for kanamycin resistance, with an HsLev-11 gene insert as an example. 
 
2.6.1.2 pCleaver-NosA 
Hairpin cassettes for all target genes used for plant transformation were generated 
with pCleaver-NosA (Figure 2.2).  As for pDoubler, recombinant plasmids of pCleaver-NosA 
were selected with 50 µg/mL of kanamycin monosulfate.  The vector was designed to 
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gene intron (190 bp).  The cassette is driven by the constitutive Cauliflower Mosaic Virus 
(CaMV) 35S promoter and has a Nopaline Synthase (NOS) terminator sequence.   
 
Figure 2.2 Vector map for the pCLeaver-NosA vector shwoing Kanamycin resistant 
gene with CaMV 35S Promoter. 
 
2.6.1.3 pART27 
Hairpin cassettes of target genes created in pCleaver-NosA when digested with NotI 
restriction enzyme include the 35S promoter, the sense sequence of target genes, the bean 
catalase gene intron, the antisense sequence of target genes and the NOS terminator.  The 
cassette was then ligated to a NotI-linearised pART27 (Figure 2.3), which was the binary 
vector of choice for all plant transformations.  Recombinant plasmids with the pART27 vector 
as backbone were selected with 100 µg/mL of spectinomycin dihydrochloride.  The vector 









































Figure 2.3 Plant transformation vector pART27-LacZ with primer binding sites and 
restriction enzyme sites shown. 
 
2.6.2 Restriction digestion 
 Restriction enzyme digestion of DNA was carried out to linearise plasmid vectors, to 
excise desired DNA fragments and to generate sticky ends on a DNA template for ligation to 
linearized vectors.  All restriction enzymes were obtained from New England BioLabs.  
Mostly, 1-10 μg of DNA was digested with 1 U of a single or multiple enzymes per μg of DNA 
in 50 µL  reaction volumes containing appropriate buffers supplemented with 100 μg/mL of 
BSA when necessary.  Incubations were done at 37°C for 3-8 hours.  Restriction enzyme 
digestions were also used to confirm successful ligation and cloning of fragments before 
Sanger sequencing of plasmids.  
2.6.3 Ligation of DNA inserts to vectors  
 Purified amplicons and digested DNA fragments were ligated to the vectors with 
compatible ends using a 3:1 insert to vector molar ratio.  The amount of DNA insert required 
was calculated using the formula below.  
Amount of insert required (ngi) = ng of vector × kb size of insert × molar ratio of insert  
                                                              kb size of the vector                                               
In most cases 50 ng of vector was used in ligation reactions; the components were 
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(New England BioLabs, Australia), 1x ligation buffer with the appropriate amount of insert 
DNA in 10 µL reaction volumes.  The reaction mixtures were usually incubated overnight at 
room temperature.  Before ligating NotI-digested hairpin cassettes to pART27, the NotI- 
linearised binary vector was dephosphorylated to prevent self-ligation.  To do this, a 20 µL 
reaction containing 0.5 units of Antarctic Phosphatase (New England BioLAbs, Australia), 1x 
reaction buffer, 1.0 µg of the vector and nuclease-free water, was incubated at 37°C for 30 
minutes and heat-inactivated at 65°C for 5 minutes.  The DNA was then quantified and used 
in ligation reactions without further clean up.  
2.6.4 Bacterial transformation and selection of transformants 
 All plasmid DNA including those from ligation reactions were multiplied using 
chemically competent E. coli strain JM109 cells prepared using the rubidium chloride method 
(Promega Subcloning Notebook., 2004).  The bacterial cells were transformed with 1-100 ng 
of plasmid DNA or 5 µL  of ligations reactions using the heat shock method (Promega 
Technical Manual No. 042, 2009).  Briefly, DNA was added to 25 µL of JM109 cells and 
incubated on ice for 30 minutes.  The mixture was then heat-shocked at 42°C for 45 
seconds and immediately placed on ice for two minutes.  About 700 µL of liquid LB (Luria 
Bertani) medium was added to the mixture, which was then incubated at 37°C with shaking 
at 225 rpm for 90 minutes.  After incubation, 150 µL of the cell suspension was plated on 
semi-solid LB plates supplemented with appropriate antibiotics based on the vector 
backbone of the plasmid DNA.  The plates were then kept at 37°C for 16-18 hours.    
For plant transformation, the recombinant binary vector pART27 was used to 
transform A. tumefaciens strain GV3101 competent cells prepared using the calcium 
chloride method (Sambrook and Russel, 2001).  Transformation of GV3101 cells involved 
first thawing the cells, stored at -80oC, on ice for ~30 minutes and then adding 350 ng of 
plasmid DNA followed by gentle mixing with a pipette tip.  The mixture was then incubated at 
37oC for 5 minutes in a water bath.  This was followed by addition of 700 µL LB medium, 
transfer to 10 mL sterile yellow cap tubes and incubation at 28oC for 3 hours.  After this 
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incubation, 150- 300 µL of culture was plated on semi-solid LB medium supplemented with 
25 μg/mL rifampicin and 100 μg/mL of spectinomycin dihydrochloride.  The plates were then 
kept at 28oC for 2-3 days in darkness.   
After transformation, selected bacteria colonies were confirmed by PCR as described 
in Section 2.5.  For each plasmid transformation, amplification of appropriate fragments of a 
gene, EST or part of an insert and vector were used to confirm successful ligation or cloning 
from a minimum of eight colonies.  The primers and the PCR conditions are described in 
Sections 2.4 and 2.5, respectively.  For A. tumefaciens GV3101 bacterial clones, 5 µL of the 
bacterial suspension used as template for PCRs was heated at 96oC for 10 minutes before 
adding to the PCR mix.  Two to three positive bacterial colonies/transformants were usually 
cultured in 5–10 mL of LB liquid medium supplemented with appropriate antibiotics at 37oC 
for between 14–18 hours, or in the case of GV3101 cultures, at 28°C for 48-72 hours.  
2.6.5 Plasmid DNA isolation 
Plasmid DNA was isolated from bacterial cultures (E. coli JM109) using the Wizard® 
Plus SV Minipreps DNA purification system (Promega, Australia), according to 
manufacturer’s protocol.  DNA was isolated from 3–5 mL of cultures.  Glycerol stocks of 
bacterial cultures were made from about 500 µL of bacterial culture with an equal volume of 
50% glycerol and stored at -70°C.  After purification, plasmids were eluted with nuclease-
free water and the concentration assessed with the Nanodrop Spectrophotometer.  Plasmid 
DNA was either used immediately or stored at -20°C until required.   
2.7 DNA sequencing 
 Sanger sequencing of amplicons or plasmid DNA was done using the dye terminator 
(version 3.1) chemistry based ABI 3730 Sanger Sequencer (Applied Biosystems, Australia) 
at the Western Australian State Agricultural Biotechnology Centre (SABC), Murdoch 
University.  Around 10 to 20 ng of template DNA was used for sequencing.  A recommended 
1/16 dye termination reaction dilution wasnormally used to prepare the reaction mixture and 
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consisted of 0.5 µL of Big Dye terminator (dye T), 1.75 µL of 5x sequencing buffer, 1.0 µL of 
3.2 pMol primer (either forward or reverse gene specific primer) per reaction with appropriate 
volume of DNA in a 10 µL reaction volume. 
 Reaction mixtures, set up in microfuge tubes, were mixed thoroughly, spun down and 
placed in a thermal cycle with the following profile: a hold at 96°C for 2 minutes, followed by 
25 cycles of denaturation at 96°C for 10 seconds, annealing at 55°C for 5 seconds and an 
extension at 60°C for 4 minutes.  Post reaction purification was performed by transferring the 
reaction mix from 0.2 µL PCR tube to a 0.6 m tube followed by addition of 1 µL  of 125 mM 
EDTA, 1 µL  of 3 M sodium acetate (pH 5.2) and 25 µL  of 100% ethanol.  The mixture was 
mixed by pipetting and left at room temperature for at least 20 minutes, after which the 
sample was centrifuged at 16,000 g for 30 minutes and the supernatant discarded.  The 
pellet was rinsed with 125 µL  of 70% ethanol and centrifuged at 16,000 g for 5 minutes at 
room temperature.  The supernatant was discarded and the pellet aired-dried for 15-20 
minutes before sequencing.  Sequencing was done by Ms. Frances Brigg, SABC, Murdoch 
University.  Raw sequencing results were viewed and edited with FinchTV 
(www.geospiza.com/products/finchtv.html).  
2.8 Synthesis of dsRNA  
dsRNA of target genes/sequences used in all in vitro RNAi experiments (Section 
3.2.1) were synthesised using T7 DNA template prepared from plasmids with pDoubler 
backbones (Section 2.6.4).  In addition to digesting pDoubler plasmids with target sequences 
with EcoRI or NotI to generate templates for in vitro transcription, PCR amplification using T7 
primers or M13 primers could also be used to generate an amplicon from these plasmids.  In 
the latter case, amplicons were then digested with 1U of EcoRI or NotI followed by gel clean-
up of the DNA.  About 1 µg of DNA template was used to generate dsRNA using the 
HiScribe T7 High Yield RNA Synthesis Kit (New England BioLabs) according to the 
manufacturer’s protocol.  This was followed by a DNaseI treatment as described in Section 
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2.2.  The purified dsRNA pellet was resuspended in 20 µL of nuclease-free water and 
quantified using the Nanodrop Spectrophotometer.  The quality of dsRNA was assessed 
using 1% agarose gel electrophoresis.  
2.9 In vitro RNAi 
For all in vitro RNAi experiments, nematodes were soaked in M9 buffer (3 g KH2PO4, 
6 g Na2HPO4, 5 g NaCl, 1 mL 1 M MgSO4) containing 50 mM octopamine (octopamine 
hydrochloride), 3 mM spermidine (spermidine trihydrochloride), 0.05% gelatine and dsRNA 
to a final concentration of 1 mg/mL.  Stock solutions of octopamine, spermidine and gelatine 
were each prepared with the M9 buffer.  To confirm that nematodes used for experiments 
actively ingested the soaking solution, an additional sample was set up, without dsRNA, but 
including 1 mg/mL of fluorescein isothiocyanate (FITC); active ingestion of this solution was 
evident as detectable fluorescencein the stylet and intestinal tract of live nematodes within 
four hours of incubation.  For all experiments, nematodes were soaked in the buffered 
solutions for 16 hours at 25°C.  Treated nematodes were harvested from the soaking 
solution and washed with sterile water before further analysis.  
 Phenotypic or behavioural changes in about 100 dsRNA-treated nematodes were 
studeid using an Olympus BX-51 microscope under 4x and 10x magnification.  The 
nematodes were viewed under bright field and the FITC treated nematodes were viewed 
using the FITC filter (450-480 nm).  Also, about 1800 J2s from each RNAi treatment were 
washed with DEPC-treated water and snap-frozen in liquid nitrogen and then stored at -80°C 
until RNA was extracted for transcription studies. 
2.10 Floral dip transformation of Arabidopsis thaliana 
Transgenic A. thaliana plants were generated using the floral dip transformation 
method described by (Bent, 2006).  Modified GV3101 cells carrying binary vectors with 
hairpin cassettes were cultured (from glycerol stocks) at 28°C for three days.  This starter 
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culture was diluted 1:100 with LB broth containing 100 mg/L spectinomycin dihydrochloride 
and 25mg/L rifampicin in a conical flask and was kept overnight at 28°C with 200 rpm 
shaking.  The culture was then transferred to a 50 mL falcon tube and pelleted by 
centrifugation at approximately 4000 g for 20 minutes.  The supernatant was discarded, and 
the pellet was resuspended in an equal volume of freshly prepared 5% sucrose solution.  
The OD600 of the pelleted cells was adjusted to 0.8 with 5% sucrose solution if needed after 
which 0.05% Silwet L-77 was added to the Agrobacterium cell suspension.  Bolting plants 
with multiple inflorescences were used for floral dip transformation: the bacterial suspension 
was poured into a sterile beaker into which the inflorescence was dipped for 1 to 2 seconds.  
After dipping, the plants were covered with an opaque material to enhance bacterial infection 
and to maintain humidity for at least one day at 23°C.  The next day the cover was removed, 
and plants were allowed to grow in a growth chamber (Conviron, ATC40) with controlled 
conditions (16 hour light @150 µmol/m2/s, 40% RH and 23 ± 2°C).  A second floral dip was 
done with the plants using the same treatment one week later.  The plants were then 
allowed to grow to maturity in the growth chamber.  ‘Aracon’ bases with plastic sheets 
surrounding the plants were used to collect seeds when the plants were matured, and 
watering had ceased. 
2.11 Seed collection, seed sterilisation and screening of transgenic seeds 
Mature seeds were harvested from transformed plants once the siliques were brown 
and dry but before many siliques spontaneously opened and dropped seeds.  Seeds from 
transgenic events were carefully collected and were dried at 25°C for a further 1-2 weeks.  
They were then threshed using 300 µm sieve and the seeds collected into 5 mL yellow 
capped tubes.  The sieve was air-cleaned after each transgenic event to avoid 
contamination between seeds of different events.  Clean seeds were stored at room 
temperature.  
2. Materials and methods 
60 
 
Seeds from transformed plants and T1 seeds were screened on MS media 
containing 3% sucrose and 50 µg/mL kanamycin monosulfate and 200 µg/mL timentin.  The 
seeds (50 µL packed volume in a 1.5 mL centrifuge tube) were sterilised with ethanol and 
sodium hypochlorite:  first they were soaked in 100% ethanol, the tube was inverted 8-10 
times and allowed to stand for 1 minute at room temperature.  The tube was briefly 
centrifuged for 15 seconds at 16000 g after which the ethanol was replaced with 1 mL of 3% 
bleach (sodium hypochlorite with approximately 12.5% active chlorine) supplemented with 
the detergent Tween-20 (one drop per 50 mL).  The tube was then vortexed briefly and 
allowed to sit on the bench for 15 minutes with occasional swirling.  The contents were then 
centrifuged at 16000 g for 30 seconds and the liquid removed with a pipette.  The seeds 
were submerged and then washed with sterile distilled water 4-6 times: each time after 
adding water the tube was left to stand for one minute, centrifuged at 16000 g for 30 
seconds and the liquid removed with a pipette.  The sterilised seeds were transferred to a 15 
mL falcon tube to which 8 mL of 0.4% water agar supplemented with 50 µg/mL kanamycin 
monosulfate and 200 µg/mL timentin were added.  The tube was inverted 4-8 times to mix 
the seeds and agar well and the mixture was then overlayed onto MS media containing 3% 
sucrose and antibiotics (with 50 µg/mL kanamycin monosulfate and 200 µg/mL timentin).  
The plates were sealed with parafilm and kept in a lighted culture room under 16 hr light/dark 
cycle at 25°C until transformants were clearly identifiable as dark green plants with healthy 
green leaves.  The selected plants were transferred to pots and kept in a growth chamber 













3. Multiple Gene Silencing in H. schachtii




RNAi is a promising strategy for silencing vital nematode genes to mitigate problems 
caused by plant infestation with PPNs.  Many important genes have been silenced 
successfully in different species of root-knot (Dong et al., 2016),  cyst (Peng et al., 2016) and 
root lesion nematodes (Tan et al., 2013) using in vitro RNAi.  In addition to in vitro gene 
silencing, host-delivered RNAi has also been achieved successfully to protect plants by 
reducing infectivity, invasion or fecundity of nematodes (Sindhu et al., 2009; Li et al., 2011; 
Dinh et al., 2014).   
 Despite successful examples of in vitro and host-mediated RNAi of PPNs, a 100% 
reduction in reproduction, development and parasitism of PPNs is not normally achieved.  
One important factor for the lower than expected effectiveness of RNAi for nematode control 
may relate to gene redundancy or multi-gene families (Jones et al., 2013), in which 
sequence variation may prevent complete suppression of the function of a desired gene.  
One approach to improving the efficiency of RNAi of genes in PPNs to improve the 
effectiveness of their control is to downregulate more than one targeted gene at once 
(referred to here as ‘multiple gene silencing’).  This strategy can both target more than one 
redundant gene, and also multiple unrelated genes, thereby disrupting the function of more 
than one target gene or pathways at the same time. This strategy could increase the 
effectiveness of resistance of plants against PPNs.  In addition, a plant could be protected 
from more than one pest at the same time, by transforming it to express dsRNA to target 
genes in different pest species.  This could be achieved either using multiple hairpin 
constructs or a single hairpin gene cassette that generates a series of dsRNA sequences 
which can silence the same or related genes of different nematode species.  
Multiple gene silencing has been achieved in C. elegans (Gouda et al., 2010). 
However, this approach has not necessarily resulted in enhanced protection when applied to 
some PPNs like H. glycines (Bakhetia et al., 2008) and M. incognita (Banakar et al., 2015). A 
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possible explanation for inefficient multiple gene knock-down in these cases is competition in 
the processing of dsRNAs of multiple genes (Bakhetia et al., 2008; Banakar et al., 2015).  
Possibly a better approach when studying multiple gene silencing, either in vitro or in planta, 
is to use a single vector cassette to express dsRNA carrying sequence fragments of more 
than one target gene.  This method has been used successfully in C. elegans, for example 
where there was 7 and 16 fold more knockdown of two genes (oma-1 and oma-2) 
respectively than controls (gfp and empty vector) when nematodes were fed bacteria 
producing dsRNA of two genes from the same hairpin cassette.  In contrast, only a two-fold 
decrease was observed in mRNAs of these genes when the nematodes were fed a mixture 
of bacteria producing separate dsRNAs (Gouda et al., 2010).  This use of a single vector 
cassette expressing dsRNAs of more than one gene, i.e., multiple gene silencing, has not 
studied in any detail as a strategy to control PPNs through RNAi.  
To address these issues, the research aims for this Chapter were: 
x To study the relative efficiencies of silencing single or combinations of target 
genes in H. schachtii, by in vitro feeding with dsRNA of the target genes vha-
8, ef1-a, lev-11, vha-3, prp-21, and pat-10.  These genes were chosen 
because each plays a vital role in growth and development of PPNs at 
different stages of the life cycle (Alkharouf et al., 2007; Fosu-Nyarko and 
Jones, 2011).  
x To evaluate the effects of such RNAi treatments on behaviour and infectivity 
H. schachtii after ingesting dsRNA. 
x To compare results from in vitro and in vivo delivery of dsRNAs, by challenge 
of transgenic plants expressing one of more forms of these target genes.  
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3.2 Materials and Methods 
3.2.1 In vitro transcription of dsRNA 
 The target genes used in this study were (i) single genes: elongation factor ef1-α, 
tropomyosin encoding gene lev-11, troponin C pat-10, pre-mRNA-processing factor 21 prp-
21, vacuolar H-ATPase 3 vha-3 and vacuolar H-ATPase vha-8 and  (ii) double genes (fused 
together), vha-3-ef1-α, vha-3-lev-11, vha-3-prp-21, vha3-pat10 and vha-3-vha-8.  The 
amplicons for single and double genes, with XhoI and KpnI sites at their 5′ and 3′ ends, 
respectively, were kindly provided by Dr John Fosu-Nyarko, Murdoch University.  The 
XhoI/KpnI-digested amplicons were cloned in pDoubler as described in Section 2.6.  The 
cloned fragments of single and double genes flanked by T7 promoter sites in pDoubler were 
used for in vitro transcription of dsRNA of target genes.  
3.2.2 Analysis of in vitro RNAi of H. schachtii genes by soaking    
About 12,000 clean, freshly hatched J2s were used for all in vitro soaking 
experiments.  The nematodes were soaked in 70 µL of M9 buffer with 1 mg/mL dsRNA, 
octopamine, spermidine and gelatin as described in Section 2.9.  The in vitro feeding 
experiments were done with dsRNA of single genes (dsvha-3, dslev-11, dsvha-8, dsef1-α, 
dsprp-21 and dspat-10), double genes (dsvha-3-lev-11, dsvha-3-vha-8, dsvha-3-ef1-α,ds 
vha-3-prp-21 and dsvha-3-pat-10) and a mixture of two sets of genes (dsvha3  & dslev11, 
dsvha3 & dsvha8, dsvha3 & dsef1α, dsvha3 & dsprp21 and dsvha3 & dspat10).  The 
amount of dsRNA used in the soaking experiments with a mixture of two genes was 1 
mg/mL for each target gene sequence.  The controls for the experiments were: 1 mg/mL 
dsRNA of gfp and one treatment without dsRNA.  To follow uptake of the feeding solution, 
FITC was added to one of the treatments without dsRNA.  The nematodes were incubated in 
soaking solutions for 16 hours at 25oC.  About 20 µL of the soaking solution was then run on 
a 1% agarose gel to assess the integrity of the dsRNA.  About 100 J2s were examined 
under a dissecting microscope for phenotypic or behavioural changes (Section 2.9) after 
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soaking.  Because a suitable high resolution dissecting microscope was not available, it was 
not possible to track the movements of individual nematodes after treatments.  
3.2.3 Quantification of gene knockdown after soaking 
 After soaking, about 1,800 cleaned J2s from each soaking treatment were used for 
RNA extraction and cDNA synthesis (Section 2.2) to determine the levels of target mRNAs 
by qPCR (Section 2.5.3).  The qPCR reactions were done in triplicates using 300 ng of 
cDNA and 10 pmol of each of the forward and reverse primers (Table 3.1).  The Actin gene 
(GenBank: AY443352.1) was used as a reference gene for normalisation of gene 
expression.  To avoid any false gene expression due to amplification of ingested dsRNA, the 
gene-specific qPCR primers were designed from the region of the gene that did not include 
the part from which the dsRNA was generated.   
Table 3.1 qPCR primers for gene expression analysis 




1 qHsEf1a-F ATTTGCCGTGTTAAGGTGGGCCATC 25 115 
 qHsEf1a-R ACTACGCAATGGCTTGTCAGTTGGTC 26  
2 qHsLev11-F ATGGTGTTTGAGGCGCAGCACTTTC 25 107 
 qHsLev11-R CGACGCCTGCATCTTCTTCTTGATG 25  
3 qHspat10-F GCGGTGTTTGAGATCGCTGAGAAATG 26 86 
 qHspat10-R ACTGCGTTGGTACTCCTCAATTTGG 25  
4 qHsprp21-F ATGTGGCAAACAAATAGTCGGGCTGA 26 101 
 qHsprp21-R GCTCTCAAATTCCAATCCGTTGCGAG 26  
5 qHsvha3-F CGCGAACACACACACGTCAAACACAA 26 101 
 qHsvha3-R ACTCAATGTGCCGCTGTCAACGAAGA 26  
6 qHsvha8-F ATTCACTGCTCTGTTCGGTCCCAATC 26 102 
 qHsvha8-R CGCGTGACTATTGGCTAAGTGAACAG 26  
7 Actin-F CGTGACCTCACTGACTACCT 20 105 
 Actin-R GCACAACTTCTCCTTGATGT 20  
 
3.2.4 Infection assays of nematodes treated with dsRNA 
 The dsRNA-treated nematodes, including controls soaked with dsgfp and without 
dsRNA, were used to inoculate four-week-old wild type A. thaliana plants to determine 
effects of treatments on the growth and development of nematodes on plants.  For each 
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treatment, ten plants were inoculated, each with about 1000 treated J2s.  Inoculated plants 
were kept in a glasshouse at 25oC for seven weeks after which they were gently uprooted, 
the roots washed and the cysts attached to roots and those present in the soil collected and 
were counted.  The roots were then separated from plants and dried in an oven at 50-55oC 
for 18 hours to measure the dry root weight.  The number of cysts per gram dry weight root 
of roots from the different treatments was then compared to assess effects on nematode 
infectivity.   
3.2.5 Hairpin cassettes used for host-induced gene silencing    
 Single genes and double gene cassettes were used to transform A. thaliana.  These 
genes and the control gfp gene were checked with dsCheck software (Naito et al., 2005) to 
avoid potential off-target effects in A. thaliana. Previously cloned gene fragments in pDoubler 
were digested with XhoI/KpnI and then with AscI/Xba to clone the sense and antisense 
fragments, respectively in pCleaver-NosA (Section 2.6.1.2).  After sequential cloning of 
sense and antisense fragments of target genes in pCleaver-NosA, the hairpin cassette was 
digested with NotI and cloned in the binary vector pART27 (Section 2.6.1.3) followed by 
transformation of this vector into A. tumefaciens GV3101 for plant transformation.   
3.2.6 Arabidopsis transformation with binary vector and screening of transgenic 
plants  
 Transgenic A. thaliana plants were generated by floral dip transformation as 
described in Section 2.10.  Mature seeds were collected from the treated plants, and these 
were screened on selection medium (MS sucrose supplemented with 50 µg/mL kanamycin 
monosulfate) (Section 2.11).  At least seven to eight different events per gene were grown to 
collect T2 seeds, and these were similarly screened on selection medium.  Ten replicates of 
T2 plants for each event per gene were transferred to soil for nematode infection.   
To confirm the integration of target DNA in the genome of Arabidopsis, five events 
per gene were selected for DNA extraction (Section 2.3).  One µL of DNA sample was used 
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for PCR using NptII-F and NptII-R primers (Section 2.4) for amplification of a NptII fragment 
from the binary vector (Section 2.5.1).   
3.2.7 Challenging of T2 plants with nematodes 
 Four week old T2 A. thaliana plants were infected with 1,000 J2s of H. schachtii 
previously extracted from infested soil using a mist chamber (Section 2.1).  Ten replicates 
from each event of one gene, and at least ten plants for controls (gfp and wild type) were 
used for infection challenges.  For infection, water containing J2s was pipetted ~2.5 cm deep 
into the soil around a growing plant.  Seven weeks after infection, the plants were gently 
uprooted and washed to remove adhering soil particles.  The cysts present on the roots of 
each plant were counted the roots were then dried in an oven at 55oC.  Expressing results 
on the basis of dry root weight allowed for differences in the root masses of each plant.  The 
dried roots were weighed, and the cysts per gram dry root weight were calculated to assess 
the level of infection nematodes on control and transgenic plants.   
 The calculations of mean, standard deviation and standard error for the infection data 
as well as the bar graph were generated using the Microsoft Excel Analysis ToolPak.  The 
variance (ANOVA) and significance between each treatment and pair-wise comparisons 
were done with the help of Tukey’s test (posthoc) at a significance level of 0.05 using 
Microsoft Excel. 
3.3 Results 
3.3.1 Phenotypic effects of in vitro RNAi on H. schachtii 
  After soaking for 16 hours dsRNA, the J2s were examined under a microscope to 
determine whether there were any phenotypic changes, such as in the movement patterns 
compared to that of the controls (dsgfp and no dsRNA).  The phenotypic results after 
treatment with dsRNA of single genes were compared with those after treatments with 
double genes and a combination of single genes.  The soaking solutions were run on 1% 
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agarose,  to assess the stability of the dsRNA under treatment conditions: no degradation of 




Figure 3.1 Soaking solutions run on an agarose gel showing that the dsRNA was not 
degraded after incubation with nematodes for 16 hours.  Lanes1 -11, 1: vha-3 (484 bp), 2: 
lev-11 (566 bp), 3: prp-21 (523 bp), 4: pat-10 (492 bp), 5: vha-8 (622 bp), 6: Ef1-α (609 bp), 
M: 100 bp DNA ladder, 7: vha-3-lev-11 (725 bp), 8: vha-3-Ef1- α (725 bp), 9: vha-3-vha-8 
(725 bp), 10: vha-3-pat-10 (725 bp), 11: vha-3-prp-21 (725 bp). 
 
FITC uptake was confirmed in nematodes after 16 hours of soaking, which indicated 
that external solution had entered the nematodes during this time (Figure 3.2).  Nematodes 
from the control treatments (no dsRNA and gfp dsRNA) moved freely after 16 hours of 
soaking, and only a few (<5%) of these nematodes were straight and immobile.  The RNAi 
phenotypes of controls and dsRNA-treated nematodes are provided in Figure 3.3.  
 
Figure 3.2 FITC uptake by J2s of H. schachtii after 16 hours soaking.  FITC fluorescence 
was present in the stylet and the gut of the nematodes.  
 
   1      2         3        4          5       6     M           7       8        9       10      11 
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i. Effects of soaking J2s in dsRNA of the individual genes vha-3, vha-8, vha-3 & vha-8 
and vha-3-vha-8 
After soaking J2s in dsvha-3 there were no obvious changes in phenotype compared 
to the controls (dsgfp and no dsRNA).  In contrast, on quantifying the behaviour and 
appearance of treated J2s, more than 70% of nematodes soaked in dsRNA of vha-8 
appeared straight and <30% exhibited slow movements.  When the nematodes were soaked 
in the solution containing both the dsRNAs of vha-3 and vha-8, almost all of the nematodes 
showed slower movements compared to the controls after 16 hours soaking.  However, the 
J2s soaked in dsRNA of double genes (dsvha-3-vha-8) did not appear to behave differently 
from the controls.  (Images of the results described in these sections are provided in Figure 
3.3 and the percentage reduction in nematodes development results after soaking are 
summarised in Table 3.2) 
ii. Effects of soaking J2s in dsRNA of pat-10, vha-3 & pat-10 and vha-3-pat-10 
After 16 hours soaking of J2s in dspat-10, >90% of the nematodes were straight or 
apparently paralysed.  However, for nematodes treated with dsvha-3 and dspat-10 >60% 
were moving faster (compared to control treatments), while the remainder of the J2s were 
immobile.  For the J2s soaked in dsvha-3-pat-10, almost all (~98%) were straight and 
immobile.  
iii. Effects of soaking J2s in dsRNA of ef1-α, vha-3 & ef1-α and vha-3-ef1-α  
The J2s soaked in a solution containing dsef1-α were curled and slow moving 
(>80%) while the remainder were straight.  More than 50% of nematodes treated with the 
mixture of dsvha-3 and dsef1-α appeared to move very quickly, whereas the remainder 
were immobile.  However, for nematodes soaked in a solution containing dsvha-3-ef1-α, 
~40% of nematodes appeared to move normally – the same as the controls, with the 
remainder apparently paralysed.  
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 iv. Effects of soaking J2s in dsRNA of lev-11, vha-3 & lev-11 and vha-3-lev-11  
Nematodes treated with dslev-11 also presented obvious phenotypes that differed 
from the controls.  More than 90% appeared straight with <10% moving faster than normal.  
In contrast, >80% nematodes soaked in dsvha-3 and dslev-11 exhibited twitching 
movements, whereas, almost all of the J2s soaked in dsvha-3-lev-11 were straight.  
 v. Effects of soaking J2s in dsRNA of prp-21, vha-3-prp-21, and vha-3 & prp-21  
Almost all of the dsprp-21-treated nematodes were straight and immobile after 16 
hours soaking.  Similarly, the majority (>90%) of the dsvha-3-prp-21 soaked nematodes 
appeared straight, while the rest showed vigorous movements.  However, for the J2s 
soaked in a solution with dsvha-3 and dsprp-21, >70% were straight, and remaining 30% 
appeared to move normally.   
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Figure 3.3. RNAi phenotypes of J2s of H. schachtii after 16 hours of soaking in solution 
containing dsRNA (the “ds” refers to dsRNA of the target gene) of single (dsvha-3, dsvha-8, 
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dspat-10, dsef1-α, dslev-11 and dsprp-21) , mixture of two genes (dsvha-3 & dsvha-8, 
dsvha-3 & dspat-10, dsvha-3 & dsef1-α, dsvha-3 & dslev-11 and dsvha-3 & dsprp-21), the 
double genes (dsvha-3-vha-8, dsvha-3-pat-10, dsvha-3-ef1-α, dsvha-3-lev-11 and dsvha-3-
prp-21) and the controls (no dsRNA and dsgfp).   (Scale bar: 500 μm) 
3.3.2 Effects of in vitro RNAi on nematodes after host infection 
 The J2s soaked for 16 hours in dsRNAs of target genes were used to inoculate roots 
of wild type A. thaliana plants and the extent of infection was examined seven weeks after 
nematode challenge (Figure 3.4).  There was a significant reduction (p<0.05) in the average 
number of cysts per gram dry root weight with respect to non dsRNA-treated nematodes for 
J2s soaked in the single gene dsRNA (dsvha-3, dspat-10, dslev-11 and dsprp-21), and two 
treatments of double genes (dsvha-3-pat-10 and dsvha-3-prp-21) (Figure 3.5).   
 
Figure 3.4 Roots of wild type A. thaliana seven weeks after inoculation with dsRNA-treated 
(left: dsvha-3-pat10) and no dsRNA (right) J2s of H. schachtii.  The brown cysts are circled 
in red.  Two white cysts are also visible in the roots treated with nematodes soaked in the 
control no dsRNA solution.  
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Figure 3.5 The average number of cysts per gram dry root weight on A. thaliana roots 
inoculated with dsRNA treated nematodes and controls (no dsRNA and dsgfp).  Significance 
is represented by * at p<0.05 with respect to no dsRNA and the bars indicate the mean (n=8-
10) + standard error.  (a-e)  Comparison of cyst development on plants inoculated with no 
dsRNA, dsgfp, dsvha-3 with (a) dsvha-3 & dsvha-8 and dsvha-3-vha-8 (b) dsvha-3 & 
dspat10 and dsvha-3-pat-10 (c) dsvha-3 & dsef1-α and dsvha-3-ef1-α (d) dsvha-3 & dslev-
11 and dsvha-3-lev-11 (e) dsvha-3 & dsprp-21 and dsvha-3-prp-21. 
These results indicate that all soaking with dsRNA of all the target genes reduced 
reproduction on Arabidopsis plants to a considerable extent.  There was ~26 to 60% 
reduction in the average number of cysts formed on the roots infested with J2s soaked in 
single gene dsRNA treatments.  Soaking in mixtures of dsRNA of two genes decreased the 
nematode development in plants by 5-38% compared to the no dsRNA control.  However, 
the were significantly fewer cysts on roots for the double gene treatments dsvha-3-pat-10 
and dsvha-3-prp-21, the reduction in the numbers of cysts being 48% and 70%, respectively.  
For dsvha-3-vha-8, there was a 36% reduction in the average number of cysts on roots and 
27% for dsvha-3-ef1-α.  The plants with the smallest reduction in cyst numbers (only by 
2.3%, and not significantly different from control treatments), were those in which the J2s 
had been soaked in dsvha-3-lev-11.  The number of cysts that developed on roots 
challenged with dsgfp treated nematodes on roots was greater than that of nematodes 
soaked in target gene dsRNA, and was more comparable to no dsRNA treatments, although 
that there was a reproducible but slight reduction in cyst numbers in each case.    
(e) 
3. Multiple gene silencing in H. schachtii 
75 
 
3.3.3 Analysis of transcripts after in vitro feeding  
 The effect of soaking the nematodes in dsRNA of target genes on gene expression 
was also analysed by quantifying transcripts through qPCR.  The relative gene expression 
was compared between mixtures of single genes and double genes, and with gfp 
treatments.  Target gene expression in the control treatment without dsRNA was used to 
normalise the expression of the target genes.  Relative transcript abundance or gene 
expression is represented by the ‘fold’ change (Figure 3.6). 
 The results indicate that among the mixture of two genes, the only treatments in 
which were both target genes were downregulated, were for the mixture of vha-3 and vha-8.  
The fold changes of these genes were 0.9 and 0.45 fold, respectively.  In the nematodes` 
soaked in the mixtures of vha-3 with pat-10, prp-21 and lev-11, only pat-10 (0.99 fold 
reduction), prp-21 (0.67 fold reduction) and vha-3 (0.08 fold reduction) were downregulated, 
whilst the second gene was upregulated.  There was upregulation of vha-3 (0.36 fold) and 
ef1-α (2.6 fold) in the J2s soaked in the mixture of these genes after 16 hours.   
For the nematodes treated with dsRNA of double gene constructs, there was 
downregulation of both genes in the construct, except for those soaked in dsvha-3-ef1-α 
where ef1-α was upregulated (2.43 fold).  Where these genes were downregulated in a 
double gene construct, the extent of downregulation greatest for nematodes treated with 
dsvha-3-pat10, dsvha-3-prp-21, and dsvha-3-lev-11, whereas the downregulation of vha-3 
and vha-8 was same (0.99 fold each).  It is of interest that the relative expressions of vha-3, 
vha-8, ef1-α and lev-11 were upregulated in the J2s soaked in dsgfp, while that of prp-21 
was downregulated (0.99 fold).  
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Figure 3.6 Comparisons of relative levels of gene expression of vha-3, vha-8, pat-10, ef1-α, 
lev-11 and prp-21 in nematodes soaked in respective solutions of mixtures of two genes 
(dsvha-3 & dsvha-8, dsvha-3 & dspat10, dsvha-3 & dsef1-α, dsvha-3 & dslev-11 and dsvha-
3 & dsprp-21), double genes (dsvha-3-vha-8, dsvha-3-pat-10, dsvha-3-ef1-α, dsvha-3-lev-11 
and dsvha-3-prp-21) and dsgfp.  The bars represent the fold change of mean Ct value of 
triplicates + standard error. 
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Table 3.2 A summary of the observed phenotypic effects, fold change in expression of genes and percentage reduction in cysts per gram dry 
root weight after soaking H. schachtii J2s in dsRNAs of target genes for 16 hours, either separately or in the different combinations indicated, 
compared to the effects after control treatments (no dsRNA or dsgfp).  Red arrows: upregulation; Blue arrows: downregulation  
Target gene(s), 
dsRNA 
Phenotype after soaking 
(effects on nematode 
movement) 





weight of roots 
vha-3 No effect  46 
vha-8 70% straight, 30% moving slowly 
 
37 
vha-3 & vha-8 Moving slowly  vha-3: -0.993;   vha-8: -0.45 27 
vha-3-vha-8 No effect  vha-3: -0.991;    vha-8: -0.997 36 
pat-10 90% immobile 
 
43 
vha-3 & pat-10 40% immobile, 60% moving 
faster 
  vha-3: 0.67;         pat-10: -0.99 34 
vha-3-pat-10 98% immobile, straight  vha-3: -0.89;       pat-10: -0.984 48 
ef1-α 80% curved or moving slowly  26.4 
vha-3 & ef1-α 50% moving quickly, 50% 
immobile 
 vha-3: 0.36;          ef1-α: 2.6 24.1 
vha-3-ef1-α 40% normal, 60% immobile  vha-3: -0.35;          ef1-α: 2.43 27 
lev-11 90% immobile, <10% moving 
faster 
 49 
vha-3 & lev-11 80% twitching,  vha-3: -0.08;          lev-11: 0.25 15.8 
vha-3-lev-11 ~100% immobile  vha-3: -0.79;         lev-11: -0.16 2.3 
prp-21 ~100% immobile  60 
vha-3 & prp-21 70% immobile, 30% normal  vha-3: 0.3;          prp-21: -0.67 38.8 
vha-3-prp-21 >90% immobile, remainder 
moving vigorously 
 vha-3: -0.996;     prp-21: -0.944 70 
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3.3.4 Analysis of transgenic plants 
 To compare the results of in vitro RNAi of single anf double genes followed by 
infection of wild-type Arabidopsis plants, with results from host-induced gene silencing, A. 
thaliana was transformed to express the same single and double gene constructs.  
Transgenic Arabidopsis plants generated to express dsvha-3, vha-8, pat-10, prp-21, vha-3-
vha-8, vha-3-pat-10 and vha-3-prp-21 were challenged in nematode infection assays.  No 
phenotypic differences were observed in the plants transformed with nematode hairpin 
genes or gfp from the wild type plants.  Images of the screening of T1 seeds and selection of 
T2 plants are provided in Figure 3.7.  
 Ten replicates each from seven or eight events of T2 plants were incolulated with J2 
nematodes.  Different segregation patterns of different events of T2 plants indicated they 
originated from independent transformation events, however, before nematode challenge, 
presence of the T-DNA insertion was further confirmed by amplification of a 364 bp nptII 
fragment from DNA isolated from transgenic lines.  (The nptII gene was assessed by PCR 
so that only one set of primers was needed).  At least four events from each transgenic line 
were tested for T-DNA insertion; two events per gene are shown in Figure 3.8. 




Figure 3.7 Screening of transgenic A. thaliana plants on kanamycin selection medium.  (a) 
Sieving of T1 dried seeds collected from plants after floral dip transformation.  (b) Wild-type 
plants did not grow on kanamycin plates.  (c) T1 healthy transgenic plantlets that survived on 
selection medium.  (d) Growing T1 plants in a containment glasshouse for collection of T2 
seeds.  (e) Screening of T2 seeds on kanamycin medium.  
 
Figure 3.8 Amplification of the nptII gene fragment from genomic DNA of two events each of 
seven different transgenic lines.  There was no amplification from the wild type (Wt) DNA.  
M: 100 bp DNA ladder. 
3.3.5 Analysis of nematode infestation of transgenic Arabidopsis plants 
 The numbers of cysts present on roots of transgenic and control plants (wild type and 
gfp) were counted seven weeks after inoculation to provide a baseline for comparisons with 
the effects on the development of nematodes in roots of transgenic plants expressing 
dsRNA to target genes.  The wild-type plants were the most susceptible to nematode 
infestation and development compared to transgenic plants expressing dsRNA to nematode 
target genes.  Although the numbers of cysts on transgenic events which expressed the non- 
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target ds gfp were reproducibly lower than those for the wild-type plants, these differences 
were not significant at p<0.05 (Figure 3.9 a).  
 The number of cysts on different events of single gene transgenic T2 plants (vha-3, 
vha-8, pat-10 and prp-21) was compared with those on double gene (vha-3-vha-8, vha-3-
pat-10, vha-3-prp-21) transgenic plants (seven to eight events per target gene(s)).  With a 
few exceptions, all the events showed a significant reduction in cysts with respect to 
numbers present on wild type plants.  The exceptions were for one transgenic event vha-8 
(vha-8-1), two for pat-10 (pat-10-1 and pat-10-6) and three for vha-3-prp-21 (vha-3-prp-21-1, 
vha-3-prp-21-5 and vha-3-prp-21-7).  The results for percentage reduction in the number of 
cysts on transgenic plants have been summarised in Table 3.3.  The greatest reduction in 
cyst counts (56-82%) was for vha-3-vha-8 plants, while the individual genes vha-3 and vha-8 
conferred a 57-67% and 34-46% reduction respectively in average cysts per gram dry weight 
of roots.   
 The reduction in the number of cysts was a maximum of 69% (44-69%) on pat-10 
transformed toots compared to wild-type plants, but the reduction in cyst numbers was less 
for the double genes vha-3-pat-10 constructs (36-54%).  Similarly, the reduction in cyst 
numbers was less for the double gene construct vha-3-prp-21 (29-61%) compared to the 
single gene prp-21 events (50-77%), and for those of vha-3 (57-72%).  Therefore, in general, 
the double gene constructs transformed plants, with an exception of vha-3-vha-8, could not 
improve reduction in the average number of cysts on roots as compared to the single genes.  
The vha-3-vha-8 transgenic plants had fewer nematodes developed, than of the individual 
genes, with events vha-3-vha-8-3 and vha-3-vha-8-8 showing the greatest reduction of cysts 
by 81 and 82% respectively.    
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Figure 3.9 Nematode development assessed as the average number of cysts per gram dry 
weight of roots of transgenic events (7 or  8  events per gene construct) compared to cyst 
numbers for wild-type (Wt) plants.  (a) gfp transgenic events compared to a wild type (b) 
comparison of transgenic events of vha-3, vha-8, vha-3-vha-8 and wild type (c) comparison 
of transgenic events of vha-3, pat-10, vha-3-pat-10 and wild type (d) comparison of 
transgenic events of vha-3, prp-21, vha-3-prp-21 and wild type.  The significance is shown 
by * at p<0.05 with respect to wild type plants.  The bars are the mean of 10 replicates + 
standard error.
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Table 3.3 Summary of the results of nematode infestation on transgenic Arabidopsis plants.  Percentage reduction and the range of percentage 




















































gfp-2 29.1 vha-8-2 45.6 pat-10-2 60 prp-21-2 69.6 
gfp-3 38.6 vha-8-3 46 pat-10-3 53.7 prp-21-3 51.2 
gfp-4 24 vha-8-4 43 pat-10-4 69.6 prp-21-4 77 
gfp-5 17.7 vha-8-5 36 pat-10-5 44.9 prp-21-5 58.8 
gfp-6 4.4 vha-8-6 39 pat-10-6 58.2 prp-21-6 51.8 
gfp-7 15.8 vha-8-7 48 pat-10-7 49.3 prp-21-7 51.2 
vha-3-1 62.6 
57-72 














































 The main aim of this work was to determine whether there were additive effects of 
knockdown of two genes of H. schachtii simultaneously over that for single genes, either by 
delivering two genes separately as a mixture, or combined as a single construct of fused gene 
sequences.  Both in vitro and in planta studies were undertaken to examine this issue.  The 
single genes were paired with vacuolar ATPase gene vha-3 to assess the effects of multiple 
gene silencing.   
The soaking experiments were undertaken with a set of dsRNAs targeting single genes, 
a combination of dsRNAs of two genes and dsRNA of double genes as a single construct.  In 
this case each dsRNA was provided at a concentration of 1 mg/ml, thus for the two separately 
provided dsRNAs there was 2 mg/mL of dsRNA in total.  There were more active nematodes 
after soaking in solutions containing a total of 2 mg/mL dsRNA than for J2s soaked in 1 mg/mL 
of a single construct of two genes combined in the same construct.  This shows that dsRNA at  
2 mg/ml was not in itself toxic for J2s.  Therefore, it was not necessary to soak J2s in half the 
concentrations of dsRNA of separate genes (i.e. total dsRNA 1 mg/mL), given the limited 
number of J2s available for experiments, and so such a treatment was not done.  When the 
phenotype of J2s was examined after treatment, there were clearly different phenotypes in all 
cases, except for treatments with dsvha-3 and dsvha-3-vha-8, for which the observed 
morphology and movement appeared to be the same as those for control J2s.  However, the 
observed phenotypes, particularly where the nematodes appeared to be immobile, did not 
always correlate with the results obtained from host infection by in vitro treated nematodes, the 
measured relative expression of the target genes in the J2s or with results from host-induced 
gene silencing.   
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 The phenotypic change, evident in the J2s soaked in dspat-10 and dsvha-3-pat10 where 
>90% and ~98% nematodes, respectively, appeared paralaysed has also been described after 
RNAi of the pat-10 gene in Meloidogyne graminicola (Nsengimana et al., 2013).  This 
phenotype was less noticeable (~40% paralysed and ~60% vigorously moving) in the 
nematodes treated with a mixture of pat-10 and vha-3.  Pat-10 encodes muscle troponin C, and 
so it is not surprising that in vitro silencing resulted in a 91.8% inhibition in mobility of M. 
graminicola.  In contrast to this result, in which most J2s appeared immobilised, the host 
infection results did not translate to an expected equivalent reduction in nematode development 
(assessed by the average number of cysts present), with cyst development still considerable for 
dspat-10 (43%), dsvha-3-pat10 (48%) and dsvha-3 & dspat-10 (34%).   
The transcript levels of vha-3 and pat-10 were downregulated in J2s treated with dsvha-
3-pat-10, while for dsvha-3 & dspat-10 soaked nematodes, only pat-10 was downregulated, with 
vha-3 being upregulated.  The upregulation of vha-3 might be the reason for the phenotypic 
difference of mixture of the two genes (vha-3 and pat-10) with dsvha-3-pat10 treatment as well 
as the host infection results. 
Similarly, for the set of vha-3 with splicing factor prp-21, the majority (>90%) of dsprp-21 
and dsvha-3-prp-21 soaked J2s presented a straight phenotype without any movement.  
Conversely, dsvha-3 & dspat-10, ~30% of dsvha-3 & dsprp-21 treated nematodes had a normal 
phenotype.  These phenotypic results correlated with the results obtained from host infection 
analysis of dsRNA-treated nematodes.  Soaking nematodes in dsprp-21 and dsvha-3-prp-21 
resulted in the greatest reduction in cysts after J2 transfer to wild-type plants (60% and 70% 
respectively), while the addition of dsvha-3 and dsprp-21 to the soaking solution reduced cyst 
numbers by 38%.  The most effective treatments were with dsRNA to prp-21 and vha-3-prp-21 
(cf single genes, a mixture of genes and double genes).  The gene expression analysis also 
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showed downregulation of both genes in dsvha-3-prp-21 treated nematodes, but upregulation of 
vha-3 in nematodes soaked in the mixture of genes.   
Regarding host-induced gene silencing, Yadav et al. (2006) reported >90% reduction in 
M. incognita infection on prp-21 transformed tobacco plants.  Although this result is for a root-
knot nematode, in agreement with this result, for the cyst nematode H. schachtii, the transgenic 
A. thaliana events for prp-21 exhibited a substantial reduction of up to 77% in the transgenic line 
prp-21-4.  It was disappointing that induced resistance in the double gene (vha-3-prp-21) 
transformed plants was reduced to 61% rather than enhanced, perhaps because of overloading 
of the RNAi mechanisms in some way.   
For the gene sets vha-3 and vha-8 (dsvha-3, dsvha-8, dsvha-3 & dsvha-8, and dsvha-3-
vha-8), there were no obvious phenotypic changes directly after soaking, except for dsvha-8 
(>70% straight).  Nevertheless, after plant infection, there were reductions in cyst numbers with 
dsvha-3 (46%), dsvha-3 & dsvha-8 (36%) and dsvha-3-vha-8 (27%) soaked J2s.  In the gene 
expression analyses there was downregulation of both genes in dsvha-3 & dsvha-8 as well as 
dsvha-3-vha-8 treated nematodes.  The downregulation of vha-3 and vha-8 was similar (0.99 
fold each) in dsvha-3-vha-8 soaked nematodes indicating equal levels of simultaneous genes 
silencing of two genes in contrast to dsvha-3 & dsvha-8 where vha-3 was more downregulated.  
In some cases, double gene RNAi did increase the degree of resistance as evidenced by 
reduction of up to 81-82% in cyst formation in vha-3-vha-8 (vha-3-vha8-1-3 and vha-3-vha-8-8) 
transformed plants, while more cysts were present on single gene transformed plants.  
Most phenotypic differences (>80%) from controls were evident in dsef1-α compared to 
those soaked with dsvha-3 & dsef1-α and dsvha-3-ef1-α.  However, none of these changes in 
nematode behaviour significantly reduced host infection.  The transcript for both vha-3 and ef1-α 
were upregulated in dsvha-3 & dsef1-α soaked nematodes, and only vha-3 was slightly 
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downregulated in the treatment (dsvha-3-ef1-α).  Similarly, for in vitro RNAi of vha-3 and lev-11 
in dslev-11, dsvha-3 & dslev-11 and dsvha-3-lev-11, irrespective of clear phenotypic 
differences, host infestation was reduced significantly (~49%) only on plants inoculated with 
dslev-11 treated nematodes.  
Overall from analysis of gene silencing, singly, in a mixture or as a single construct, it is 
evident that there is not a simple correlation between the parameters measured here.  In 
considering why differing results were obtained, factors to consider include the nature of the 
target gene and at what stage it might act in the nematodes, whether the RNAi machinery can 
be overloaded under some circumstances (perhaps key genes like Dicer or Argonaute proteins), 
the stability of the dsRNA or the target protein, and whether feed-back systems in the RNAi 
pathway respond to upregulate expression some genesin the pathway.  The two gene targets, 
of pat-10 and lev-11, are needed for nematode movement and would be expected to generate 
and observable phenotype rapidly, and this was the case.  
In some published reports a ‘recovery’ phenomenon has been found after soaking in 
dsRNA.  For example, Nsengimana et al. (2013) reported that immobile  M. graminicola could 
recover 24 hours after removal from the soaking solution.  So some of the behavioural effects 
seen after soaking treatments may only be temporary, or the result of stress caused by the 
treatment, and that at least some apparently immobile nematodes may be able to recover and 
go on to infecting host roots successfully.   
When comparing the outcomes of treatments after a mixture of two genes with those of 
double gene constructs, it appears that in vitro RNAi effects were more pronounced after double 
gene treatments than after treatments with a mixture of two genes.  Additionally, most of the 
genes in J2s treated with dsRNA of double gene constructs were downregulated (except for ef1-
α) while this was not the case in the mixtures of genes where upregulation of either gene was 
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observed in all treatments (except dsvha-3 & dsvha-8).  The upregulation of target gene 
expression in treatments with mixtures of genes is similar to those found for combinatorial RNAi 
of flp genes in M. incognita.  The expression of the flp-18 gene was increased when it was 
silenced with flp-14 or 16D10 (Banakar et al., 2015).  With a relative complex system, it is not 
easy to explain why there is more upregulation of target genes after the mixture treatments 
compared to single gene treatments – perhaps dsRNA from single genes can be processed 
better than from multiple genes.  Banakar et al. (2015) suggested that it might be difficult for the 
RNAi machinery to process more than one type of dsRNA, this was also suggested by Bakhetia 
et al. (2008).  Studies on C. elegans also showed that silencing of two genes was greater when 
the genes were delivered as a single gene construct rather than separately in a mixture (Gouda 
et al., 2010).  Another strategy for multiple gene silencing in vitro could have been sequential 
silencing of two genes, but as a practical application of this technique for nematode control it is 
not possible to deliver dsRNA to different targets sequentially. 
Although in this work the greatest reduction in nematode development was in the double 
gene transgenic line (vha-3-vha-8), other double gene (vha-3-pat-10 and vha-3-prp-21) 
transformed plants failed did not show yield similar results.  Variables that may contribute to 
such differences include the choice of target genes, the actual sequences chosen to make the 
hairpin constructs and which sequences generate the most siRNAs, the length of dsRNA and 
the stability of the target protein.  It is evident that there are a number of factors that need to be 
optimized, but in theory targeting two different gene targets should improve the effectiveness of 
host-induced gene silencing.  There is therefore still room for further fundamental studies to 
understand the principle of host-induced gene silencing. 
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3.5 Conclusion and future directions 
 In conclusion, from this study it appears that double gene treatments in a single 
construct can confer stronger RNAi effects than dsRNA of genes provided singly or in a mixed 
together.  Study of further combinations of different target genes is needed, and the best events 
of those that deliver the greatest nematode control can be advanced for potential 
commercialisation. 














4. Splice leaders as RNAi targets for nematode 
control 







4.1 Introduction  
 Trans-splicing of RNA molecules is an important RNA processing mechanism in  some 
lower eukaryotes such as kinetoplastids (Van der Ploeg, 1986), flatworms (Schistosoma 
mansoni) (Rajkovic et al., 1990) and nematodes (Krause and Hirsh, 1987; Pettitt et al., 2014).  It 
is characterised by the addition of a short (~15-50 nucleotide depending on species) splice 
leader (SL) sequence donated by the SL-RNA gene to the splice-acceptor sites of pre-
messenger RNA (pre-mRNA) to form the 5′ end of mature mRNAs (Zhang et al., 2009).  The 
fundamental role of trans-splicing includes stabilisation of mRNA by the addition of a cap 
structure at the 5′ end, facilitating processing of polycistronic mRNAs into separate capped 
monocistronic mRNAs and improving the efficiency of translation (Blaxter and Liu, 1996; 
Blumenthal et al., 2002; Lall et al., 2004).  
 The SL trans-splicing mechanism has been well described for C. elegans (Allen et al., 
2011).  In C. elegans, 15% of genes are arranged in operons, also a common feature of 
bacterial genomes.  Polycistronic precursor RNAs mostly have two to eight genes that are trans-
spliced at the 5′ ends and polyadenylated at the 3′ ends (Blumenthal et al., 2002).  C. elegans 
has been identified with two types of SLs: SL-1, and SL-2.  Both SLs are 22 nucleotides (nt) 
long, but SL-2 has sequence variants, namely SL-3 to SL-12 (Blumenthal, 2005; MacMorris et 
al., 2007).  More than 70% of expressed C. elegans genes are predicted to be trans-spliced with 
one of the two SLs (Allen et al., 2011).  However, SL-1 is the most abundant splice leader that is 
trans-spliced to monocistronic, upstream and rarely to downstream genes of operons 
(Blumenthal, 1995).  On the other hand, the SL-2 and its variants  are trans-spliced to 
downstream genes of operons (Spieth et al., 1993). 






 The SL-1 trans-splicing is conserved amongst nematodes and is not restricted to C. 
elegans (Blaxter and Liu, 1996; Lee and Sommer, 2003).  In addition to the canonical SL-1 and 
SL-2 sequences involved in trans-splicing of C. elegans transcripts, variants of both types of 
SLs have also been identified in other nematode species such as B. malayi, P. pacificus and 
Aphelenchus avenae (Guiliano and Blaxter, 2006).  Among PPNs, SL-1 trans-spliced genes 
have been identified in the cyst nematodes, G. rostochiensis and G. pallida (Stratford and 
Shields, 1994) and in the root-knot nematodes, M. incognita (Ray et al., 1994) and M. javanica 
(Koltai et al., 1997).  The SL-1 sequence was also used to generate the first EST library for the 
root lesion nematode P. penetrans (Mitreva et al., 2004).  Bioinformatics analysis of reads of H. 
schachtii has also been used to predict the presence and sequence variants of SL-1 in the beet 
cyst-nematode (Fosu-Nyarko et al., 2016 b).  However, until recently, there was limited 
sequence data available for nematodes in general and PPNs in particular; this hindered in-depth 
study of the mechanism of trans-splicing in these important organisms.  Also, little information 
on genes or clusters of genes that may be trans-spliced in PPNs has been available.  
 In this Chapter, Bioinformatics tools have been used to study the phenomenon of trans-
splicing in some PPNs, and to identify some genes of H. schachtii that may be trans-spliced.  
This was achieved as follows. 
x  Putative SL RNA genes were first identified from genomic contigs of G. pallida, H. 
glycines, M. incognita and M. hapla.  Although the sequence of SL RNA genes is not 
completely conserved, certain features including the 22 nt SL sequence, the spliceosome 
(Sm) binding site in ~100-110 nt long SL RNA is mostly conserved among nematodes 
(Hannon et al., 1992; Blumenthal and Gleason, 2003).  These conserved moieties allowed 
the identification of SL RNA genes in the nematodes, followed by identification of putative 
SL-1 or SL-1 variant (SL-1*) trans-spliced transcripts from transcriptomes of H. schachtii, P. 






thornei, P. coffea, and P. zeae. 
x  Putative trans-spliced genes were validated using reverse transcription PCR with the SL-
1 sequence as a forward primer paired with gene specific 3′ primers.   
x  To investigate whether the SL-1 sequence could be knocked down by RNAi and whether 
a possible knockdown would affect the nematodes, J2s of H. schachtii and mixed stages of  
P. thornei were soaked in a soaking solution containing dsRNA of SL-1.   
x  The expression of target genes was analysed further to confirm the trans-splicing of the 
selected genes and to observe the effects of silencing the the small SL-1 sequence on 
treated nematodes.  
This study therefore provides new information on trans-splicing in PPNs and the identification of 
new trans-spliced genes in the PPNs studied.  
4.2 Materials and Methods 
4.2.1 Identification of SL RNA genes in genomic contigs and scaffolds 
Genomic contigs/scaffolds of G. pallida, H. glycines, M. incognita and M. hapla (NCBI 
database) were used to study the evidence for trans-splicing in these PPNs.  This was done by 
searching the genomic contigs/scaffolds for the presence of conserved regions of the SL RNA 
gene which were the SL-1 sequence (5′-GGTTTAATTACCCAAGTTTGAG-3′), SL-2 sequence 
(5′-GTTTTATCCCAGTTACTCAAG-3) and Sm-binding sites (Sm: ATTTGGAAC and Sm1: 
ATTTTGGAA) (Maroney et al., 1990; Lee and Sommer, 2003; Guiliano and Blaxter, 2006).  The 
SL-1 and SL-2 sequences were searched using BLASTN analysis in a local database created in 
CLC Genomics Workbench 7.04 by downloading the genomic sequences of the PPNs from the 
NCBI database.  The BLAST analyses were carried out using a threshold e-value of 1E-05, gap 
cost of 2 and mismatch cost of 3.   






Selected genomic sequences with SL sequences were then analysed to find the Sm-
binding site by manual curation.  Sequences with the Sm-binding sites at least 60 nt 
downstream of the SL sequence were selected for further analysis.  The presence of the SL 
RNA gene sequence was further confirmed in genomic sequences by searching for the 5′ splice 
site which has the characteristic AGGT at the 3′ end of SL sequence (at 21 nt of SL sequence).  
Sequences of putative SL RNA genes from genomic contigs of the PPNs were then compared 
to those of the SL-1 RNA gene of C. elegans (Lee and Sommer, 2003) using BioEdit Sequence 
Alignment Editor tool version 7.2.5 (Hall, 1999).  Similarities in secondary structures of the SL 
RNA genes of the PPNs and that of C. elegans were further analysed using the RNA fold 
webserver (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi).  
4.2.2 Identification of putative SLs in transcripts of PPNs  
 Publicly available sequence reads generated from various Next Generation Sequence 
platforms for H. schachtii (Fosu-Nyarko et al., 2016 b), P. thornei (Nicol et al., 2012), P. coffeae 
(Haegeman et al., 2011) and P. zeae (Fosu-Nyarko et al., 2015) were analysed to detect the 
transcripts that are putatively SLtrans-spliced.  The BLASTN search was conducted to identify 
sequences similar to the SL-1 and SL-2 using a local database for the reads created using CLC 
Genomics Workbench 7.04.  The analyses were done with a threshold e-value of 1E-05, a 
mismatch cost of 3 and existence 5.   
 All putatively identified SL sequences from the transcripts (H. schachtii, P. zeae, P. 
thornei and P. coffeae) as well as the genomic contigs/scaffolds of nematodes (G. pallida, H. 
glycines, M. incognita and M. hapla) were further analysed to detect variants.  Putative SL-1 that 
varied by one to a maximum four bases from the conserved 22 nt SL-1 sequence were 
regarded as SL-1 variants, i.e. SL-1*.    






4.2.3 Putative trans-spliced genes of H. schachtii 
The selected reads of H. schachtii were annotated using a local database of C. elegans 
proteins on CLC workbench 7.04 using BLASTX with a threshold e-value of 1E-05.  The reads 
were also annotated using TBLASTX and local databases created with expressed sequence 
tags (ESTs) of the following PPNs available in NCBI: G. mexicana, G. pallida, G. rostochiensis, 
H. glycines, H. schachtii, M. arenaria, M. chitwoodi, M. hapla, M. hapla, M. incognita, M. 
javanica, M. paranaensis, P. penetrans, P. vulnus, and R. similis  
 The sequences with highest bit scores were selected to design 10 sets of forward and 
reverse gene specific primers, one canonical SL-1 primer and one variant primer (HsSL-1V) 
(Table 1).  The amplification of annotated transcript with SL primer was compared with the gene 
specific primer amplification to find potentially trans-spliced genes.  The genes were amplified 
using H. schachtii cDNA used to generate the transcriptome of H. schachtii (Fosu-Nyarko et al., 
2016 b).  Two more primers (IDT) for Sna-1 (F-TGTGATGGACAATTTGAAGGAACTG and R-
CGTGTAAGAAACGGTGGAAGTTG) and Sut-1 (F-ATCAATTTCGGTTGCGAGCTA and R-
TAGCTCGCAACCGAAATTGAT) genes of H. schachtii were used as PCR controls.  Amplified 
DNA fragments were then sequenced and analysed for the presence of SL at the 5′ ends.






Table 4.1  Primers used to amplify putative trans-spliced genes of H. schachtii similar to those found in other nematodes  
Putative gene Primer ID seq 5′-3′ 








Hsdmsr7-F ATA ATG ATC TGT GAC GAG GAA CTG 332 382 (SL-1V) 
Hsdmsr7-R TAT GTG ATC TAA AAA GTC GTA GCC 
vha-16 (CDQ02179) 
(Brugia malayi) 
Hsvha16-F AAC ATG GGC GAA TTC TTC TTC AAC C 240 265 (SL-1) 




Hsacin1-F AGC ATG ACC GAA GAA AGT GAA GAA T 251 304 (SL-1) 







ATA ATG AAG TGT TTA CTG 
AAG CGG C 242 285 (SL-1V) Hstransferase 
–R 





HsBmRsp-F ATA ATG TCT TCT CGT CGC AGT GGT A 210 269 (SL-1V) 
HsBmRsp -R AAT ACC CGT CCA ATG ATT GCT GTG C 
Transcription initiation 





ATC GGC CAC AAT GAC TTA 
TCA AAT G 369 437 (SL-1V) Hstransfactor 
–R 
TGC CGT CGT TAA ATA TGA 





HsRPL19-F AGA ATG AGC AAT CTT CGT CTG CAA A 366 357 (SL-1V) 
HsRPL19-R GAT AAG CAC ACG CAT TCG ACG CAT C 
Protein ATG-13 HsATG13-F AGA  AAG TCG ATT GAG TTA 355 377 (SL-1 V) 










TTT CTC A 





HsGLRX-F AGT ATG CCT GCT TTC AAA GAA TTC G 272 368 (SL-1) 




HsFMRF-F AAT ATG AAA AGC CTC CGC TTC TCC C 257 346 (SL-1V) 
HsFMRF-R GAT CTC AAC AAC ATC CTT TCT TCG T 
Splice leader variant 
(H. schachtii) HsSL-1V 
AGC GTT TGA TTA CCC AAG 
TTT GAG 
  Splice leader 
conserved SL-1 
AGC GGT TTA ATT ACC CAA 
GTT TGA G 







4.2.4 Experimental silencing the SL RNA gene and its effect on nematode activity 
 The effect of possible knockdown of SL RNA genes on potentially trans-spliced genes 
was studied.  To do this, siRNAs from two sources were used as triggers for gene silencing: the 
first was annealed siRNA obtained from the Institute for Immunology and Infectious Diseases 
(IIID), Murdoch University, Perth, Australia, and the second was in the form of siRNA duplexes 
synthesised by Integrated DNA Technologies (IDT).   
4.2.4.1 SL-annealed siRNAs 
The sense and antisense SL-1 siRNA sequences were synthesised at IIID.  The 
sequence of the sense strand of SL siRNA was 5′-GGUUUAAUUACCCAAGUUUGAGGUA-3′ 
and antisense strand was 5′-UACCUCAAACUUGGGUAAUUAAACC-3′.  To anneal the sense 
and antisense strands, each RNA oligonucleotide was resuspended in an annealing buffer (30 
mM HEPES-KOH pH 7.4, 100 mM KCl, 2 mM MgCl2, 50 mM NH4Ac) to a final concentration of 
50 μM.  Then 30 µL of each RNA oligonucleotide solution and 15 µL of annealing buffer were 
mixed to give a final volume of 75 µL , equivalent to a final concentration of 20 μM of the siRNA 
duplex.  The solution was incubated for one minute at 90°C and allowed to cool slowly to room 
temperature for 25 to 30 minutes.  Successful annealing of the siRNAs was confirmed by gel 
electrophoresis of 500 ng of the duplex siRNA on 2% agarose E-gel from Invitrogen (catalogue 
number: G661002).   
4.2.4.2 The SL siRNA duplex  
 The 25 bases of SL siRNA duplex (sense strand: 5′-
GGUUUAAUUACCCAAGUUUGAGGUA-3′ and antisense strand: 5′-
UACCUCAAACUUGGGUAAUUAAACC-3′) was synthesised by IDT.  The 2 nmole duplex 






provided was resuspended in 317.9 µL of water to a final concentration of 100 ng/µL as 
calculated by the ‘resuspension calculator at the IDT website 
(https://sg.idtdna.com/Calc/resuspension/).   
 The sequences of SL annealed siRNA and SL siRNA duplex were similar.  The siRNA 
duplex was only used to monitor the differences (if any) in effect of soaking with either siRNA. 
4.2.4.3 Soaking nematodes in solution containing SL siRNAs  
 
For soaking experiments, 12,000 pre-parasitic J2s of H. schachtii (Section 2.1) were 
incubated in soaking solution (Section 2.9) with SL annealed siRNA and SL siRNA duplex at a 
concentration of 100 ng/µL (each done separately).  Two control soaking experiments were also 
set up, first with 1 mg/mL of dsRNA of gfp (dsgfp) and the other without any dsRNA.  In both 
controls, 12,000 J2s were also treated.  The soaking experiments were covered and incubated 
at 21-23 °C for 18 hours after which the nematodes were washed with sterile water and 200 J2s 
were examined with an Olympus BX-51 microscope for any phenotypic effects: in addition, one 
thousand nematodes (from each soaking treatment) were used to inoculate one wild type, four 
week-old Arabidopsis plant (ten replicates).  The remaining 1,800 nematodes from each soaking 
treatment were used to determine knockdown of the target gene.  Five weeks after inoculation, 
the roots of the Arabidopsis plants were harvested and the number of cysts per gram of dry root 
weight was counted for each plant inoculated with SL-treated H. schachtii, no dsRNA or dsgfp.    
Three putative trans-spliced H. schachtii genes: HsAcin-1, Hs-transfactor and HsRPL-
19, were analysed for transcript abundance following soaking of nematodes in SL siRNA using 
gene specific primers by semi-quantitative PCR (Table 4.1).  For analysing transcript 
abundance, total RNA was extracted from cleaned SL treated nemaatodes as and controls (no 
dsRNA and dsgfp) treated H. schachtii, and cDNA was synthesised as described in Section 2.2.  






For these PCRs, 300 ng of cDNA was used to assess transcript abundance of the target genes.  
The HsActin gene was used as a reference and was amplified using forward 
(CGTGACCTCACTGACTACCT) and reverse (GCACAACTTCTCCTTGATGT) primers.  The 
mRNA levels of the target genes were studied at 25, 30, 35 and 40 cycles of PCR.   
Similar soaking experiments were also done with P. thornei harvested from carrot discs 
in vitro (Section 2.0).  Three thousand mixed stage P. thornei were treated in a soaking solution 
with 100 ng/µL SL-annealed siRNA and 100 ng/µL SL siRNA duplex (in a separate treatment) 
for 18 hours at 24oC.  The controls included dsgfp and no dsRNA.  After 18 hours of soaking, 
100 nematodes were washed with sterile water and examined by microscopy for any phenotypic 
changes, and 1,900 nematodes were used to assess target gene knockdown.  The remaining 
1,000 nematodes were used to infect ten replicates of one week old, wheat seedlings (cultivar 
Calingri) growing in sand in 15 cm multi-well trays.  After 72 hours of infection, the roots were 
harvested and stained with acid fuchsin, followed by observation under a microscope to 
examine penetration and presence of nematodes in the roots.     
4.3 Results 
4.3.1 Evidence for SL-RNA genes in genomes of PPNs 
Analysis of genomic contigs/scaffolds of four PPNs (G. pallida, H. glycines, M. incognita 
and M. hapla) show that these nematodes have SL RNA genes with characteristic SL-1/SL-1* 
and Sm-binding sites (Table 4.2) similar to those of C. elegans (Bitar et al., 2013) and P. 
pacificus (Lee and Sommer, 2003).  The BLAST results also showed putative SL-2 sequences 
in one genomic scaffold of H. glycines (GenBank accession number: DS606070.1) and two 
contigs of both M. incognita (GenBank: CABB01000136.1 and CABB01007979.1) and M. hapla 






(GenBank: ABLG01001605.1 and ABLG01001026.1), but no such sequence similar to the 
canonical SL-2 was found in the contigs of G. pallida.   
 
Table 4.2 The number of genomic sequences identified with SL and Sm-binding sites among 
total number of anlaysed sequences of four PPNs 
Nematode species H. glycines G. pallida M. incognita M. hapla 
Total no. of genomic 
contigs/scaffolds analysed 44,667 18,414 9,538 3,450 
No. of genomic sequences 
identified with SL sequence 
(SL-1 and SL-1*) 
245 120 59 31 
No. of sequences with Sm-
binding site* 51 15 22 10 
* The sequences where Sm-binding sites were found <50 nt downstream from SL sequence 
 
The presence of Sm-binding motifs in the contigs/scaffolds putatively containing the SL 
RNA genes of these PPNs further strengthens the view that SL-trans-splicing exists in PPNs.  
Two Sm-binding sites (Sm: ATTTGGAAC and Sm-1: ATTTTGGAA) were searched among the 
genomic sequences of selected nematodes.  Among the genomic contigs/scaffolds identified 
with Sm-binding sites, about 97% of them had Sm-1 sites, and only 2.5% were identified with 
Sm-binding sites.  The Sm-binding site was normally located 20-47 nucleotides downstream of 
the SL in the contigs/scaffolds of the cyst nematodes, G. pallida and H. glycines.  The Sm-
binding sites found in the genomic scaffolds of H. glycines were 43 nt distant from the SL 
sequence.  There were also some variations in the genomic contigs of G. pallida where two 
contigs had the Sm-binding motif at 41 nt and one at 47 nt downstream from SL sequence.  
Similarly, there were 28 to 47 nt between SL and Sm-binding region in the contigs of the root-
knot nematodes, M. incognita, and M. hapla.  In genomic sequences of M. incognita, out of 22 
sequences with Sm-binding sites, nine of them were 28 nt downstream of the SL.  The positions 






of the Sm-binding sites of the rest of the contigs of M. incognita appeared to be random: at 29 nt 
(one contig), 42 nt (two contigs), 43 nt (five contigs), 44 nt (three contigs), 46 nt (one contig) and 
47 nt (one contig) downstream of the SL.  In contrast, for M. hapla, in six out of the ten contigs, 
the Sm-binding motifs were located 46 nt downstream of the SL sequence; in addition there 
were three at 32 nt and one at 44 nt from SL position. 
Among these genomic contigs/ scaffolds of the four PPNs, 24 genomic scaffolds of H. 
glycines, two contigs of G. pallida, 15 contigs of M. incognita and five contigs of M. hapla had 
more than one SL and Sm-binding sites.  However, the numbers of bases between multiple SLs 
and Sm-binding sites were the same in genomic sequences of H. glycines and G. pallida.  In the 
contigs of M. hapla and M. incognita, two and four contigs respectively showed variation in the 
number of nucleotides between SL and Sm-binding sites within a genomic sequence.  For 
instance, one of the genomic contigs of M. incognita (GenBank no: CABB01000125.1) had 127 
SL variant sequences with all of the Sm-binding sites at 28 nt downstream of the respective 
SLs, except for two contigs where the number of nucleotides was 31. 
4.3.2 Sequence and structural comparison of SL RNA genes  
To further analyse the SL RNA gene in these four PPNs, the ~110nt SL RNA putative 
gene of cyst nematodes (G. pallida and H. glycines) and root-knot nematodes (M. incognita and 
M. hapla) were compared with the 95 nt SL RNA gene of C. elegans by multiple sequence 
alignment (Figure 4.1).  All of the putative SL RNA genes aligned in H. glycines and G. pallida 
had conserved SL-1 sequences except for one in G. pallida that had the SL-1 variant.  However, 
all of the putative SL RNA genes observed in M. hapla and 59% in M. incognita had SL-1 
variants.   
Some other characteristic features of SL RNA genes that were common to C. elegans 
were also found in the putative SL RNA sequences of these nematodes.  One of these features 






was the 5′ splice site; the sequence and position of the 5′ splice site (AGGT) downstream of the 
SL appeared to be conserved in putative SL RNA sequences of the four PPNs.  The sequences 
ATA, towards the 5′ end of Sm-binding motif, and AAC on 3′ were conserved in H. glycines, G. 
pallida and C. elegans (Figure 4.1a).  The 5′ ATA sequence of the Sm-binding site was present 
in nine (out of ten) M. hapla SL RNA sequences, but in M. incognita only 31% of sequences had 
5′ ATA and 40% SL RNA sequences had AAA; for Sm-binding site, the rest of the sequences, 
there were random variations.  The 3′ end of Sm-binding site had AAT instead of AAC in 
sequences of both M. hapla and M. incognita (Figure 4.1b).  









(a) Multiple sequence alignment of the SL RNA genes of C. elegans (c.e), H. glycines (h.g), and G. pallida 
(g.p)  








(b) Multiple sequence alignment of SL RNA genes of C. elegans (c.e), M. incognita (M.i), and M. hapla 
(M.h) 
Figure 4.1 Multiple sequence alignments of putative SL RNA genes of cyst nematodes and root-knot 
nematodes with C. elegans.  The region marked in yellow indicates SL-1/SL-1 variant sequence; the green 
highlighted region shows Sm-binding regiona and the underlined bases are the 5’ splice sites. The 5′ ATA site 
of Sm-binding region is highlighted in blue, and the fonts in red indicate 3′ of the Sm-binding site, AAC.  
 







 Based on the alignment scores, the most similar putative SL RNA sequences for 
each of the four PPNs to that of C. elegans were selected to generate a representative 
secondary structure of the these SL RNAs (Figure 4.2).  The selected putative SL RNA 
sequences for generation of secondary structures for G. pallida, H. glycines, M. 
incognita and M. hapla had alignment scores of 54.7%, 46.3%, 58.9% and 60% 
respectively compared to C. elegans.  There were five loops in SL-RNA gene of C. 
elegans, H. glycines and G. pallida and four loops in M. incognita and M. hapla (Figure 
4.2).  
 
Figure 4.2 Proposed secondary structures of SL RNA genes of C. elegans, H. glycines, 
G. pallida, M. hapla and M. incognita, generated using the RNA fold webserver.  (MFE: 
Minimum Free Energy) 







4.3.2 Identification of the SL in transcripts of cyst and root lesion nematodes 
 Transcriptome reads of H. schachtii, P. thornei, P. coffeae and P. zeae were 
analysed for the presence of SL sequences.  From the transcriptome of H. schachtii, 688 
out of the 3,87,668 reads had the canonical SL-1 or its variants.  The number of 
transcripts with SL-1/SL-1* in the P. thornei, P. coffeae, and P. zeae reads were 1,279, 
59 and 1,098 out of 7,87,275, 32,6971 and 3,47,443 transcripts, respectively.  There 
was no SL-2 identified among the transcripts.  Since the SL sequence is trans-spliced to 
the 5′ end of pre-mRNA, the transcripts were also sorted manually using the number of 
bases between the SL-1/SL-1* and the 5′ end of a putative transcript (Table 4.3); 
transcripts where this number was between 1 and 20 were selected and analysed 
further.  From the H. schachtii transcriptome, 163 such transcripts were identified 
whereas there were 282 transcripts and 198 respectively in the transcriptomes of P. 
thornei and P. zeae.  However, in P. coffeae no transcripts were identified.  In this case 
there were up to 20 bases between SL/SL-1* and the 5′ end; the minimum number of 
bases was at least 24 between SL/SL-1* and the 5′ end.  
Table 4.3 The number of transcripts with specific numbers of nucleotides between the 
SL and 5′ end of the transcript 
 
Nematode sp. 0 to 5 6 to 10 11 to 15 15 to 20 >20 Totals 
H. schachtii 69 32 30 32 525 688 
P. zeae 83 38 41 35 901 1098 
P. thornei 132 66 46 37 998 1279 
P. coffeae - - - - 59 59 







  The selected transcripts (with up to 20 nt between SL and 5′ end of the transcript) 
were annotated using a local database of ESTs of PPNs as explained in Section 4.2.2.  
These transcripts from H. schachtii, P. thornei and P. zeae were compared to find 
potential common SL transcribed reads.  One transcript each of H. schachtii and P. zeae 
matched M. paranaensis egg SL1 pGEM cDNA 5′ similar to SW: RS23_CAEEL Q19877 
PROBABLE 40S RIBOSOMAL PROTEIN S23 (Accession no: CK241233.1).  Three 
transcripts of H. schachtii and P. thornei that were identified as H. schachtii J2 pAMP1 
v1 cDNA 5′ mRNA sequence (Accession no: CD750667.1), G. pallida Pa2 female cDNA 
5′, mRNA sequence (Accession no: CV576904.1) and M. javanica egg pAMP1 v6 cDNA 
5′ similar to Transthyretin related family domain (Accession no: BI745480.1).  One 
transcript each of P. thornei and P. zeae matched a hypothetical 6.8 kDa F47B7.1 in 
chromosome X of Pratylenchus vulnus (Accession no: CV200345.1).     
4.3.3 Comparison of SL-1 variants in selected PPNs 
The genomic contigs/scaffolds of G. pallida, H. glycines, M. incognita and M. 
hapla and transcripts of H. schachtii, P. thornei, P. coffeae and P. zeae had <50% SL-1* 
except M. incognita and M. hapla that had 84% and 79% SL-1*, respectively (Figure 
4.3).  The genomic contigs/scaffolds of H. glycines, G. pallida, M. incognita and M. hapla 
had 23, 30, 35 and 13 SL-1*, respectively.  The SL-1* observed in transcripts of H. 
schachtii were 60, 57 in P. thornei transcripts, 14 in P. coffeae transcripts and 56 in P. 
zeae transcripts (Fig 4.3).  







Figure 4.3 The number of genomic sequences or transcripts of eight PPNs with 
conserved sequences of SL-1 and SL-1*  
 
 For sequences of M. incognita and M. hapla, 77% and 52% respectively had SL-
1* with the “G” (Guanosine) at position 20 of the SL-1 replaced by an “A” (Adenosine).  
Unlike the root knot nematodes, for sequences of G. pallida the mismatches were not 
confined to a single position, showing that the pattern of variance among the SL-1* 
sequences in these nematodes may not be consistent.  However, for 50% and 60.5% of 
the SL-1* of H. glycines and H. schachtii, respectively there was a “T” (Thymine) instead 
of “G” at position one of the canonical SL sequence.  Moreover, in transcripts of H. 
schachtii almost 53% of the SL-1* had a mismatch at position six i.e. “G” instead of “A”.  
Almost 67% and 70% of SL-1* in P. zeae and P. thornei, respectively had “T” at position 
one of the SL-1 sequence.  In contrast,  there was no consistent pattern of mismatches 






observed in the SL-1* of P. coffeae.  The results of base variations in the SL-1* 
sequences among studied PPNs are summarised in Table 4.4 where they can be read 
as for instance, in M. incognita among total 35 SL-1s*, six variants had “G” replaced by 
“A” at position one, three had “G” replaced by “A” at position two and so on.  A single SL-
1* may have more than one positional variation, and so the sum of all the positional 












Table 4.4 Mismatches in SL-1* genomic contigs/transcripts of PPNs.  The digits show the number of SL-1s* that have particular 




Base changes in the conserved SL-1 sequence  





A 6 3 - - 1 - - 2 2 - - - 1 - - - 1 - - 26 - - 
G - - - - 1 - - - 1 - - - - 1 1 - - - - - - - 
T 5 2 - - - 1 - - - - - 1 3 1 - - - - - - - - 




A 2 1 - - - - - 6 1 - 1 - 1 - - - - - - 4 - - 
G - - - - - 1 - - - - - - - - - - - - - - - - 
T 3 2 - - - 1 - - - 1 1 - - - - - - - - - - - 




A 4 3 - - - - - - - - - 1 4 - - 6 - 2 - 2 - 4 
G - - 1 - 4 - 1 - - 1 - 1 - - 2 - - - - - 3 - 
T 5 1 - - - - - - - - 2 - 2 - 2 1 - 1 - 1 1 5 




A - - - - - - - - - - - - - - - 1 - - 1 - 1 - 
G - 2 1 - - - 1 - - 1 - - - - 1 - 3 - 3 - - 1 
T 5 - - - - - - - - - - 1 1 - - 1 - - 1 2 - - 




A 4 3 - - - 2 - 1 1 - - - - - - 1 - 2 - 4 - 3 
G - - - - 2 23 - - 3 7 2 - - 1 1 - - - - - - - 
T 21 8 - - - - - - - 2 1 - - - - - - - - - 3 - 










A 5 4 - - - - - - - - - - 2 - - - - - - 2 - 2 
G - - 1 - 2 21 - 1 - 6 - - - - - - - - - - - - 
T 19 4 - - - - - - 2 2 2 - - 2 - 1 - - - 1 1 3 




A 2 1 - - - - - - - - - 1 2 - - 1 - - - 2 - 3 
G - - - - - - - - - - - 1 - - - - - - - - - - 
T - 1 - - - - - - - - - - 1 1 - 2 - - - 3 1 - 




A 4 1 - - 1 - - 2 1 - - - - - - 1 - - 3 3 - 3 
G - - - - 1 17 - 3 2 4 1 - - 1 - - - - - - - - 
T 16 6 - - - 2 - - - 2 4 - - - - - - - - - 1 - 
C 7 1 - - - - - 2 - 1 - - - - - - 1 - - - - - 
 







4.3.4 RT-PCR validation of trans-spliced genes of H. schachtii 
  Ten of the putatively trans-spliced transcripts of H. schachtii were selected for RT-
PCR validation.  These transcripts had high sequence similarities to dmsr-7 (C. elegans), 
vha-16 (B. malayi), BMA-Acin1 (B. malayi), gene for protein CBG02919 transferase activity 
(C. briggsae), Bma-rsp-6 (B. malayi), gene for transcription initiation factor IIA subunit 2 (T. 
canis), BM-RPL-19 isoform b (B. malyi), GLRX-10 (C. elegans) and a gene for FMRFamide-
related peptide (H. glycines) (Table 4.1).  The transcripts were amplified from H. schachtii 
using a set of forward and reverse gene specific primers and also with a forward SL-1 or SL-
1* (SL-1-V) sequence as a primer and a reverse gene-specific primer.  The SL-1 primer was 
used for amplification of vha-16, ACIN-1, and GLRX-10, while the remainder of the 
sequences were amplified using the SL-1-V primer, since the sequences of these transcripts 
had SL-1*.  The PCR control genes Sna-I and Sut-I were amplified with a set of gene 
specific as well as with the SL-1 primer and a gene specific reverse primer.  
Transcripts of all the genes except Hsvha-16 were amplified using the gene specific 
primers (Figure 4.4a).  Moreover, seven of the ten genes (excluding Hsdmsr-7, Hsvha-16, 
and Hstransfactor) were amplified when the SL-1/SL-1-V primer and the reverse sequence-
specific primers were used (Figure 4.4b).  The amplification using SL-1/SL-1-V primers 
indicated that the pre-mRNA of these genes could be trans-spliced.  However, Sna-I and 
Sut-I did not show clear amplification with SL-1 primers (Figure 4.4c) suggesting that the 
transcripts may not have been trans-spliced.  The presence of SL-1/SL-1* sequence was 
also confirmed in the amplified sequences by Sanger sequencing. 







Figure 4.4  Amplification of selected genes with: (a) gene-specific forward and reverse 
primers (b) SL-1/SL-1 variant forward and gene-specific reverse primers.  (c) Control genes 
amplified with gene specific and SL primers.  
 
4.3.5 Effect of soaking J2s of H. schachtii in dsRNA of the splice leader and 
expression of putative trans-spliced genes   
i. Phenotypic observation of nematodes after soaking 
The sense and antisense strand of SL-1 siRNA (SL annealed siRNA) were annealed 
before they used for nematode soaking.  Successful annealing was confirmed by 2% e-gel 
electrophoresis (Figure 4.5) 
 
Figure 4.5 Annealing of SL-1 sense and anti-sense strands.  Lane 1-3: annealed SL-1 
siRNA; lane 4: sense strand of SL-1 siRNA; M: 20 bp dsRNA ladder, lane 6: antisense 
strand of SL-1 siRNA 







After 18 hours soaking of H. schachtii in SL-annealed siRNA and SL duplex siRNA, 
100 J2s were examined by microscopy.  The control nematodes, soaked with dsRNA of gfp 
(dsgfp) or without dsRNA, moved freely, whereas those soaked with dsSL-1 were slow with 
a majority curled or in knotted positions (Figure 4.6). 
 
Figure 4.6 Phenotypes of J2s of H. schachtii after 24 hours soaking.  Curled phenotypes 
observed in J2s after soaking in SL annealed siRNA (~60%) and SL siRNA duplex (~58%).  
The nematodes in controls (no dsRNA and dsgfp) were moving normally.  The FITC soaked 
nematodes presented fluorescence indicating uptake of soaking solution.  Scale bar=500μm 
ii. Expression analysis of putative trans-spliced genes post soaking 
 Nematodes which had been treated with SL siRNAs (SL annealed and duplex 
siRNAs) were analysed for transcript abundance of genes thought to be expressed by trans 
splicing - HsAcin-1, Hstransfcator and HsRPL-19 and compared with the expression of these 
genes in nematodes soaked with no dsRNA and dsgfp.  The HsAcin-1 transcript appeared to 
be slightly downregulated in the cDNA from J2s of H. schachtii after soaking in SL siRNAs 
(Figure 4.7).  In contrast, the transcripts of the other two genes studied (Hstransfcator and 
HsRPL-19) did not seem to differ in expression from the controls (no dsRNA and dsgfp) at 






25, 30, 35 and 40 cycles of the PCR.  Amplification of transcripts of the internal control Actin 
were lower in cDNA of H. schachtiii J2s soaked in dsgfp where there was very low 
amplification at 25th and 30th cycles, as indicated by less intense bands (Figure 4.7).    
 
Figure 4.7 Amplification of Actin and putative trans-spliced genes Hs-Acin-1, Hstransfactor 
and HsRPL-19 genes from cDNA of J2s of H. schachtii soaked in no dsRNA, dsgfp, SL 
annealed siRNA and SL siRNA duplex at 25, 30, 35 and 40 cycles. 
  
iii. Growth and development of J2s of H. schachtii on plants after soaking 
The roots of plants infected with SL dsRNA-soaked nematodes and controls (gfp 
dsRNA and no dsRNA-treated nematodes) were harvested five weeks after treatment and 
root inoculation, and the cysts present on roots of replicate plants were counted.  There was 
no significant difference (p<0.05) in the average number of cysts on the plants inoculated 
with SL treated H. schachtii and the controls plants previously treated with gfp or no dsRNA 
(Figure 4.8).  Soaking of H. schachtii in SL siRNA solution, thus indicate that although there 
were phenotypic differences among the SL dsRNA-treated nematodes and the controls 
(dsgfp and no dsRNA) after soaking, growth and development of nematodes (although 












Figure 4.8 Average number of cysts on the roots of Arabidopsis plants five weeks after 
infection.  The bars show the mean (n=7) + standard error.  The difference in average 
number of cysts with respect to no dsRNA and gfp dsRNA was not significant (p<0.05). 
 
4.3.6 Effect of silencing the SL RNA gene of P. thornei 
 
 P. thornei soaked in solutions with annealed SL siRNA, siRNA duplex, and controls 
(no dsRNA and dsgfp) were examined for any phenotypic changes, and aliquots were also 
used to inoculate wheat seedlings to assess their ability  to penetrate wheat roots.  There 
were no apparent phenotypic differences between the siRNA-treated and control nematodes 
(Figure 4.9).  The movements of the nematodes did not seem affected differentially by the 
soaking treatments.  In addition, the fluorescence in FITC treated nematodes from the 
soaking solution indicated that the unaltered phenotypes of treated P. thornei as compared 
to the controls, may not be due to lack of uptake of soaking solution.  The FITC was also 
detected in the eggs of P. thornei indicting that there was some permeability to FITC in the 










































                     
 
Figure 4.9 Phenotypic observations of P. thornei after 18 hours soaking with SL siRNA and 
controls (gfp and no dsRNA).  The nematodes in SL annealed siRNA (~98%) and SL siRNA 
duplex (~96%) showed same movements as controls (no dsRNA and dsgfp).  The 
fluorescence in FITC treated nematodes showed uptake of soaking solution by nematodes.  
The eggs in the soaking solution also absorbed some FITC.  






   
The roots of wheat seedlings infected with treated nematodes were stained with acid 
fuchsin 72 hours after infection, and examined under a microscope to check for changes in 
penetration of nematodes after treatments (Figure 4.10).  This penetration assay revealed 
that most of the control nematodes, ~68% and 72% treated with gfp or no dsRNA 
respectively, entered the roots 72 hours after inoculation.  In contrast, the percentage of 
nematodes in the plants inoculated with SL siRNA-treated nematodes was reduced to ~37% 
and 44% for SL annealed siRNA and SL siRNA duplex, respectively (Figure 4.11).  This 
indicated that treatment with SL siRNA had reduced the ability of the nematodes to 
penetrate the roots. 
 
 
Figure 4.10 Penetration assay for P. thornei in wheat roots after treatments.  More 
nematodes were present in the roots 72 hours after inoculation with no dsRNA and dsgfp 
treated nematodes compared to the nematodes treated with SL siRNAs. 
 







Figure 4.11 The number of nematodes that penetrated host wheat roots, 72 hours after 
inoculation.  Significance difference is represented by “a” at p<0.05 with respect to no 
dsRNA and by “b” with respect to gfp dsRNA (p<0.05). 
 
4.4 Discussion 
 SL trans-splicing is an important feature of pre- mRNA processing which, in many 
lower organisms, ensures that more efficient and stable mature RNAs are generated from 
polycistronic mRNAs (Blaxter and Liu, 1996). Conserved regions of the SL RNA gene are 
SL-1/ SL-2 sequences, a splice site (GU) or AGGT (Stratford and Shields, 1994; Pettitt et al., 
2014) directly after the SL, the Sm-binding site (AATTTTGG) and the ATA and AAC 
sequences at the 5′ and 3′ of the Sm-binding site, respectively (Stratford and Shields, 1994).  
Using these features, putative SL RNA genes were identified in genomic sequences of M. 
incognita, M. hapla, G. pallida and H. glycines.  A sequence, GTGGC that links SL RNA 













































the Sm-binding site in all of the putative SL RNA sequences of G. pallida and H. glycines, 
except for one and two respectively for G. pallida and H. glycines.  These results for SL RNA 
gene and Sm-binding sites are consistent with the findings of Stratford and Shields (1994) in 
genomic sequences of G. pallida.  However, only 9 out of the 22 putative SL RNA 
sequences from genomic contigs of M. incognita and 6 out of 10 for M. hapla had this 
feature, and the number of bases upstream the first “A” varied from 10 to 14 bases (instead 
of 9).  
The average length between SL and Sm-binding sites was 43 nt for G. pallida and H. 
glycines while it was 36 nt and 41 nt for M. incognita and M. hapla, respectively.  For 2 
sequences of M. hapla, Sm-binding sites were 32 nt from SL as has been found for M. 
javanica (Koltai et al., 1997).  The number of bases between the SL and Sm-binding site of 
the SL RNA gene of C. elegans is 44 nt (Lee and Sommer, 2003), which is  closer to the 
range (32-43 nt) found in the SL RNA sequences of genomic contigs/scaffolds of the PPNs 
studied here.  However, the length between SL and Sm-binding site can vary, since for 
example for the P. pacificus SL RNA gene, the number of bases between the two regions 
(SL and Sm-binding site) was 53 (Lee and Sommer, 2003).  
The SL sequence or its variants were identified in some transcripts of H. schachtii, P. 
thornei, P. coffeae and P. zeae, strongly suggesting that the SL is trans-spliced to mRNAs in 
these nematodes.  Among PPNs, M. javanica reports show it to have two SL-1 like SLs (one 
canonical and one variant SL-1) (Koltai et al., 1997) and there is at least one gene (sec-1 
encoding esophageal gland protein) confirmed as trans-spliced in M. incognita(Ray et al., 
1994).  Similarly, the SL-1 sequence has also been used to generate ESTs from P. 
penetrans (Mitreva et al., 2004), indicating the occurrence of trans-splicing in root lesion 
nematodes.  
Although the standard SL-1 sequence is common across the nematode phylum 
(Guiliano and Blaxter, 2006), there is variation in the SL-1 sequence among PPNs.  Some 






common mismatches have been identified among the variants.  There were 0 to 4 bases 
mismatches in the SL sequence as found in transcripts of H. glycines and H. schachtii 
(Fosu-Nyarko et al., 2016 b).  In the genomic contigs/scaffolds of M. incognita and M. hapla, 
the single base substitution from G to A from the 3 end is similar to that in M. javanica 
sequences (Koltai et al., 1997).  On the other hand, the presence of “T” instead of the first 
“G” at the 5′ end of the putative conserved motif GGTTT in the SL-1 of the cyst and root 
lesion nematodes studied here has not been reported, previously.  
 The occurrence of SL-1/ SL-1* was more prominent in the studied nematodes 
compared to SL-2/SL-2 variants.  The only identified SL-2 and variants were from one 
sequence of H. glycines and two from each M. incognita and M. hapla.  These results are 
similar to observations in C. elegans where most genes are reported to be trans-spliced by 
SL-1 with only a small percentage (~4%) of SL-2 or SL-2 like variants present on transcripts 
(Ross et al., 1995).   
 The advent of new sequencing technologies has been accompanied by a remarkable 
increase in sequence data becoming available recently for many organisms, including PPNs.  
A combination of bioinformatic analyses of such data and in vitro transcription technologies 
now makes it possible to identify trans-spliced genes.  Some of the trans-spliced mRNAs 
from polycistronic operons in Caenorhabditis spp. are known to be those of house-keeping 
genes (Blumenthal and Gleason, 2003).  For example, almost 49% of identified ribosomal 
protein genes in C. elegans occur as the part of operon structure (Maere et al., 2005).  One 
of the transcripts of H. schachtii that was identified as trans-spliced was an orthologue of 
RPL-19 of Brugia malayi, which is also a ribosomal protein.  Other H. schachtii transcripts 
that were amplified using SL-1/SL-1 variant primers encoded proteins other than ribosomal 
proteins indicate that genes other than the ribosomal protein genes are also trans-spliced in 
the PPNs studied.  
 







i. In vitro RNAi using dsRNA to SL sequences 
Following soaking of H. schachtii with SL siRNA clear phenotypic differences were 
evident, that is in movement and behavior, compared to control treatments.  However, the 
phenotypic changes evident after soaking did not lead to a reduction in nematode 
reproduction for of nematodes which had subsequently been used to infect wild type plants.  
In contrast, host penetration of P. thornei was reduced after soaking the nematodes in SL 
siRNA solution, and this suggests that nematode reproduction over a longer period would 
have been reduced as a result of the soaking treatment.  There are no published results on 
experiments which address silencing of SL-RNA gene expression with which to compare the 
result presented here.  
 The conserved nature of SL sequences in nematodes, and the number of transcripts 
which required trans-splicing for expression, made this a very promising target for PPN 
control.  In this respect, although the results here provided evidence for a reduction in the 
number of siRNA-treated P. thornei which penetrated host roots, the reduction was not as 
marked as expected.  Unfortunately, lack of time prevented longer monitoring of 
reproduction of SL-treated nematodes.  Nevertheless, there is further scope for studying SL 
silencing which may still be developed into a highly efficient method of nematode control.  


















5. Ectopic delivery of RNAi triggers to plants 






5.1 Introduction  
The delivery of dsRNA of the target gene to host plants is an essential step to induce 
RNAi in PPNs.  Generation of transgenic plants in which HIGS has for PPNs been achieved 
is now well documented (Fosu-Nyarko and Jones, 2015), but the process of reaching this 
point it is expensive and time-consuming  (Passricha et al., 2016).  However, unfortunately, 
the science itself is not the limiting factor in implementation of transgenic technologies; 
rather it is that a ‘social licence’ is required.  The regulations that control release of GM 
plants in Australia were drafted almost 20 years ago and the definition of a GM plant is 
defined in the Gene Technology Act 2000.  The regulations were partly a response to public 
concern about the release of genetically modified (GM) crops, but it is quite clear that the 
regulations in Australia and elsewherehave hindered investment and commercialisation of 
transgenic plants (Joga et al., 2016).  Hence, any strategy that could circumvent or by-pass 
limitations to the application of HIGS would be useful.  In the case of host-induced RNAi 
against PPNs the potential for control through a non-transformation method now exists.  
One potential method to deliver dsRNA to plants is using a foliar spray; this has been 
described recently as Spray-Induced Gene Silencing (SIGS).  Examples of this strategy 
include naked dsRNA targeting an insect gene (San Miguel and Scott, 2016), and an 
endogenous plant gene  has been applied to leaves and silenced the targeted genes (Tang, 
2012).  However, to enhance the longevity and stability of dsRNA as well as achieveing 
uptake and transport of dsRNA in plants, a variety of approaches are being invetsigated.  
One of these methods involves conjugation of dsRNA to nanoparticles (Jiang et al., 2014), 
another    Others  involve transfer of RNAi triggers to plants using carrier peptides 
(Lakshmanan et al., 2013; Numata et al., 2014) or bacterial extracts expressing dsRNA 
against plant viruses (Tenllado et al., 2004).  






However, these methods have been targeting control of plant insects or viruses, and 
the dsRNA sprayed on leaves induced RNAi in chewing pests feeding directly on on whole 
leaves.  Topical delivery of dsRNA has not yet been studied as a method to control PPNs.  
Therefore, the aim of this research was to start the process to determine whether application 
of naked dsRNA applied to leaves could be translocated systemically to the roots, where it 
could be taken up by nematodes feeding from cells of roots of treated plants.  The work 
undertaken included: 
x The use of fluorescent-labelled oligonucleotides to track their movement in the plant.  
This was done to determine if ectopically delivered oligonucleotides, either to leaves 
or roots, could be translocated in the plant or not. 
x To assess the functionality of naked dsRNA after topical application; the phytoene 
desaturase (pds) gene was used as a reporter gene.  The aim was to assess if 
topically applied dsRNA of the reporter gene could enter leaf cells and induce RNAi 
of endogenous gene (pds), which in this case would result in photo-bleaching in 
leaves after silencing.  
x As the last part of the study, dsRNA of the vha-3 gene of H. schachtii was applied to 
the leaf surface to determine whether this could affect the development of beet cyst-
nematodes.   
Successful delivery of host-mediated dsRNA to PPNs could be developed and lead 
to a non-transgenic technique for transferring dsRNA to plants and ultimately to the target 
nematodes.  The application of dsRNA to plants, for example by spray delivery, could 
provide a simple and less time consuming method of field delivery.  The main issues to be 
tackled for this approach to be successful include the stability and uptake of RNAi triggers 
(dsRNA) by plants, and the cost of synthesising enough dsRNA for commercial use.  The 
stability aspect could be enabled by the combining nanoparticle technology with dsRNA.  
Therefore, in this preliminary study to control PPNs by topically delivered dsRNA to plants, 






the aim was to investigate the use of SIGS for non-GM host-induced gene silencing in 
nematodes.  
5.2 Materials and methods 
5.2.1 Investigation of movement of oligonucleotides in plants  
To investigate the uptake of dsRNA and track movement of dsRNA molecules inside 
plants, fluorescently labeled oligonucleotides with a backbone of phosphorothioate 
morpholino oligomer (PMO) were used.  The fluorescent-labeled oligonucleotides were 
kindly provided by Professor Steve Wilton, from Centre for Comparative Genomics, Murdoch 
University.  The oligonucleotides were pipetted (100 ng) on the dorsal or ventral surface of 
leaves of two week- old wild type A. thaliana plants grown on MS agar plates.  Fluorescent 
oligonucleotides were also applied at the root tip and in the middle (almost half of the length) 
of Arabidopsis roots.  The control consisted of water alone applied to leaf and root surfaces.  
The movement of oligonucleotides was tracked 24 and 48 hours after application by viewing 
of the test the plantlets using a fluorescent microscope with a FITC filter (450-480 nm).  
5.2.2 Selection of reporter gene  
  To study the uptake and activity of dsRNA applied on the surface of leaves, an 
endogenous ‘reporter’ gene, pds, was selected that could be readily used to monitor an 
induced phenotype.  Since, the silencing of the pds gene produces results in bleaching of 
leaf tissues when silenced; it was used for proof-of-concept of action of topically applied 
dsRNA.  The hairpin cassette of pds fragment cloned in pBART vector (the pART27 vector 
(Section 2.6.1.3) with nptII gene and a pat gene that confers resistance to BASTA) was 
kindly provided by Dr. John Fosu-Nyarko (Murdoch University).  To confirm the effect of pds 
gene knockdown in A. thaliana, plants were transformed with the Agrobacterium with the  
pBART-pds cassette using the floral dip method (Bent, 2006).  The seeds collected from 






transformed plants were sterilised and plated on MS agar containing 3% sucrose and kept 
under 16 hour light @150 μmol/m2/s, 40% RH and 23 ± 2 °C.   
5.2.3 dsRNA and siRNA for topical delivery 
The pds gene fragment of A. thaliana cloned in pDoubler (Section 2.6.1.1) was 
digested with EcoRI and used to synthesise long dsRNA (dsRNA) using HiScribe T7 In vitro 
transcription kit (New England BioLabs).  The integrity of dsRNA synthesised was assessed 
by running the dsRNA on an agarose gel.  
In addition to the dsRNA od the pds  gene of A. thaliana, a small interfering RNA 
(siRNA) (AtpdssiRNA: CAAGATGGTTTATCAGTCAAAGAAT) for this gene was also 
designed using RNAi design tool at IDT website (www.idtdna.com).  Similarly, pds siRNA 
was designed for Nicotiana tabacum from pa artial PDS mRNA sequence (Accession no: 
AJ616742.1).  Two siRNAs (NtPDSsiRNA-1: AGGTGGCCAAGTCAGACTAAACTCA and 
NtpdssiRNA-2: GAAGTGTCAAATGTTTTATACTGAA) were designed to target the pds gene 
of N. tabacum.  The possibility of any off-target effects of the AtpdssiRNA-1 was checked 
using ‘dscheck’ software (Naito et al., 2005) while for N. tabacum, a BLASTn search was 
performed for NTpdssiRNA-1 and NtpdssiRNA-2.  
5.2.4 Application of pds dsRNA to leaves  
The A. thaliana and N. tabacum seeds were sown in soil and allowed to grow in a 
growth chamber under controlled conditions (Section 2.10).  Two week-old plants (five 
replicates) were used for topical application of long dsRNA and siRNAs.  To enhance the 
adherence of dsRNA/siRNAs to the leaf surface, a detergent, Silwet-L77 (0.05%), was 
added to the dsRNA/siRNAs.  Prior to the application of Silwet-L77 and dsRNA/siRNAs 
solution to the leaf surface, the effect of the detergent on the integrity of dsRNA/siRNAs 
was analysed by incubating the dsRNA (1 μg/µL ) and siRNA (100 ng/µL of AtpdssiRNA, 
NtpdssiRNA-1 and NtpdssiRNA-2) with Silwet-L77 (0.05%) for 24 hours at 25°C.  The 






dsRNA then run on 1% agarose gel while the siRNAs were run on 2% agarose E-gel 
(Invitrogen, catalogue number: G661002).  
Three different concentrations of pds dsRNA, 0.5, 1.0 and 2.0 μg/µL, and 100, 200 
and 500 ng/µL of AtpdssiRNA were applied to either the dorsal and ventral surface of a leaf 
of A. thaliana using a micropipette.  The same amounts (100, 200 and 500 ng/µL) of 
NtpdssiRNA-1 and NtpdssiRNA-2 were similarly applied to dorsal and ventral sides of N. 
tabacum leaves.  The leaves were examined by bright field microscopy to detect any photo-
bleaching effects in leaf cells after 48 and 72 hours.    
5.2.5 Application of nematode dsRNA on leaves 
dsRNA of vha-3 (section 3.2.1) of H. schachtii and gfp was applied to the leaves of 
wild type, two week old A. thaliana plants grown in soil.  At least six replicates were used for 
each treatment.  After 48 hours of application of the dsRNA, the dsRNA-treated plants, as 
well as the plants treated without any dsRNA, were challenged with 1000 J2s.  The plants 
were then allowed to grow in a growth chamber for five weeks.  The plants were then gently 
uprooted and washed, and cysts were counted to quantify growth and development of the 
nematodes on dsRNA-treated and control (gfp and no dsRNA) plants.   
The calculation of mean, standard deviation and standard error for the infection data 
as well as the bar graph was created using Microsoft Excel Analysis ToolPak.  The variance 
(ANOVA) and significance between each treatment and pair-wise comparisons were done 
with the help of Tukey’s test at a significance level of 0.05 using Microsoft Excel.  
5.3 Results 
5.3.1 Movement of oligonucleotides in plants 
Uptake and systemic movement of oligonucleotides was tracked in roots of A. 
thaliana by studying them under using a microscope with a FITC filter set.  When fluorescent 
oligonucleotides were applied to the root tips, fluorescence was detected at the tip to two cm 






upwards (Figure 5.1 a and b) 24 hours after application.  Similarly, application of 
oligonucleotides to the middle of the root resulted in its movement both upward (towards the 
shoot) and downwards (towards the root tip) (Figure 5.1 b and c).  In contrast, the controls 
showed only slight auto-fluorescence (Figure 5.1 d).  The fluorescence of the 
oilgonucleotides faded with time and so it was difficult to monitor their movement for longer 
time periods. 
   
(a)              (b)           (c)                  (d)                            (e) 
Figure 5.1 Application of fluorescent oligonucleotides to root tip and in the centre of the root 
phographed 24 hours after application. (a) Site of application (indicated by blue arrow) of 
oligonucleotides and the point to which the oligonucleotides had travelled (indicated by red 
arrow) (b) The region through which oligonucleotides had travelled under FITC filter (c) Site 
of application in the middle of the root (indicated by blue arrow) (d) The region covered by 
oligonucleotides in upward and downward directions from the center of the root (e) Control 
roots under FITC filter conditions.  
After tracking the movement of fluorescent oligonucleotides in roots, the effect of the 
application of oligonucleotides on A. thaliana leaves was also studied.  After 24 hours of 
treatment, treated leaves were detached from the plantlet and examined by microscopy.  
There was bright green fluorescence at the site of application and the fluorescence spread 






through the leaf and reached the petiole (Figure 5.2 b-e).  Forty-eight hours after application 
of oligonucleotides to the leaves, the roots of the same plantlets were also examined.  FITC 
fluorescence was clearly detected in the roots of these plants as well (Figure 5.2 g and h).  
The fluorescence was present from the shoot-root junction up to three-quarters of the length 
of the root.  In contrast, leaves of control plants did not show any green fluorescence (figure 
5.2 i).    
    
 
Figure 5.2 Effects of application of FITC oligonucleotides to leaves.  (a) Treated leaf; the 
yellow circle indicates the site of application of oligonucleotides (b) site of application under 
FITC filter (c) region close to point of application (d) proximal part of petiole (e) distal part of 
petiole. (f) Control leaf under FITC filter, (g )and (h) roots of FITC- leaf treated plant (i) root of 
equivalent control plant under FITC filter 
 
5.3.2 Expression of the pds gene in transgenic A. thaliana 
 
Before using the pds gene for topical delivery, the phenotype of knockdown of this 
gene was confirmed by generating pds-transformed A. thaliana.  The seeds obtained from To 
plants were allowed to grow on MS agar medium containing sucrose.  The transformed 
plants exhibited bleached leaves in contrast to the green leaves of non-transformed plants 
(Fig 5.3).  Non-transformed plants continued to grow normally on the plates whereas the 
plants with bleached leaves did not continue to grow.  These results show that the cloned 
PDS gene was active and exhibited a clear phenotype after silencing.  







Figure 5.3 A. thaliana plants on MS sucrose plates after pds transformation.  (a) Non-
transformed plant, (b) and (c) dsRNA expressing-pds transformed plants showing photo-
bleaching. 
 
5.3.3 Effect of topical appliction of pds dsRNA and siRNAs to plants 
To check any effects on the integrity incubation long pds dsRNA (300 bp) or siRNAs 
(25 bp)  with Silwet-L77, dsRNA/siRNAs  were run on agarose gels after 24 hours of 
incubation.  The results showed that dsRNA and siRNAs were stable over this time and did 
not degrade (Figure 5.4).  Following this result, the detergent Silwet-L77 was added with the 
dsRNA and applied to A. thaliana and N. tabacum leaves.  The leaves of N. tabacum were 
not directly affected by this treatment as there was no change in the morphology of leaves.  
However, the leaves of A. thaliana appeared crumpled and wilted afte this treatment.  
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Figure 5.4 Study of the effect of Silwet-L77 on the integrity of pds dsRNA and siRNAs (a) 
PDS dsRNA together with Silwet-L77, run on a 1% agarose gel showing that the dsRNA did 
not degrade in the presence of Silwet-L77, after 24 hours.  M= 100 bp DNA ladder, 1= pds 
dsRNA with Silwet-L77, 2= pds dsRNA (b) pds siRNAs run on 2% agarose E-gel.  1= 
AtpdssiRNA, 2= NtpdssiRNA-1.  3=NtpdssiRNA-2, M= 20 bp ladder 
 
 Treatment of A. thaliana leaves with different concentrations (0.5, 1.0 and 2.0 μg/µL ) 
of  to pds did not show any sign of photo-bleaching in the leaves when examined by light 
microscopy.  The A. thaliana plant leaves treated with pds dsRNA were monitored over at 
least for four weeks to determine any effect of dsRNA  treagtment, but the expected 
belaching phenotype was not detected.  However, the dorsal side of A. thaliana leaves 
treated with 500 ng/µL AtpdssiRNA exhibited slight signs of photo-bleaching at the site of 
application of siRNA (in two out of five replicates) (Figure 5.5 a and b).  The photo-bleaching 
appeared as small groups of transparent cells, one week after application of siRNA.  In 
contrast, contro treatments (Figure 5.5 a), and the other A. thaliana plants treated with 100 
and 200 ng/µL AtpdssiRNA, remained unbleached.  The N. tabacum leaves treated with 100 
ng/µL , 200 ng/µL and 500 ng/µL of NtpdssiRNA-1 and NtpdssiRNA-2 also remained 
unbleached even after four weeks of application of NtpdssiRNA, indicating no silencing of 
the endogenous pds gene (Figure 5.5 c).  
 
Figure 5.5 Treatment of A. thaliana and N. tabacum leaves with Atpds siRNA and 
NtpdssiRNA, respectively (a) A. thaliana leaf observed at 4x magnification under 
microscope; the red circle shows the site of application of water only and the yellow circle 
presents the site of application of 500 ng/µL of Atpds siRNA (b) the siRNA treated area of A. 






thaliana leaf observed at 10x magnification (c) N. tabacum leaf treated with 500 ng/µL of 
Ntpds siRNA at 4x magnification. 
 
5.3.4 Effect of topical application of H. schachtii dsRNA on nematode development 
 As indicted in the results presented in Section 3.3.5, HIGS had shownan  almost 70% 
reduction in the average number of cysts developing on rroots of vha-3 transformed A. 
thaliana, and so vha-3 was selected for ectopic delivery to plants.  Long dsRNA of vha-3 
(484 bp) of H. schachtii was applied to A. thaliana  leaves and the  effects on nematode 
development and reproduction were determined.  Five weeks after inoculation, the average 
number of cysts on roots of dsRNA-treated plants (six replicates) was found to be not 
significantly different from those on control plants (gfp dsRNA-treated and no dsRNA) 
(p<0.05) (Figure 5.6).  These results indicate that, in this instance, ectopic application of vha-
3 dsRNA did not influence the development of H. schachtii. 
 
Figure 5.6 Average number of cysts counted per plant treated with ectopically delivered H. 
schachtii vha-3 long dsRNA, gfp dsRNA and no dsRNA.  The bars show the mean of 6 











































dsRNA applied on leaves 







 Ectopic delivery of dsRNA to plants can provide provide protecion against chewing  
insects such as the Colorado Potato beetle (San Miguel and Scott, 2016) and plant viruses 
(Tenllado et al., 2004; Gan et al., 2010; Mitter et al., 2017) that attack aerial parts (leaves) of 
a plant.  To confer protection against PPNs, topically applied RNAi triggers need to be taken 
up and move systemically to roots of the plants.  This study shows that fluorescently labelled 
oligonucleotides applied to the leaves as well as to the roots of A. thaliana moved 
systemically away from the site of application.  The results also clearly indicate bidirectional 
movement of added oligonucleotides, and this is a positive result.  The bidirectional 
movement of fluorescent oligonucleotides cannot be a result of apoplastic diffusion since this 
would have resulted in a rapid dilution of fluorescence such that the fluoresence would not 
be visible.  Moreover, the speed of movement of the fluorescent oligonucleotides also 
suggests an intracellular location.  
The oligonucleotides used here were synthesized with a PMO backbone.  The PMO 
is comprised of a hexa-membered morpholino with an uncharged phosphodiester 
internucleoside linkage, which serves as the backbone for carrying antisense 
oligonucleotides targeting a specific mRNA.  The absence of internucleoside charge makes 
it easier for the PMOs to bypass non-specific binding of cellular and extracellular proteins 
(Kutryk and Serruys, 2005) and also confers higher aqueous solubility (Summerton and 
Weller, 1997).  Although PMO oligonucleotides have been used extensively for delivering 
oligonucleotides in clinical research (de Smet et al., 1999; Wilton and Fletcher, 2008), such 
oligonucleotides have also been used tp suppress gene expression in plants (Dinç et al., 
2011; Mizuta and Higashiyama, 2014).  The oligonucleotides used in this study were not 
specific to plant targets, and were used for proof-of-concept of systemic uptake and 
movement of oligonucleotides in plants.  The movement of the PMO oligonucleotides in the 






plant could be enhanced by the backbone, and the smaller size of oligonucleotides 
compared to longer dsRNAs. 
 In addition to using fluorescent oligonucleotides to track their systemic movement in 
test plants, topical appliction of naked dsRNA was also assessed using a reporter gene 
(pds) that can provide a clear phenotype in short time after application of dsRNA.  The effect 
of silencing of pds gene in A. thaliana was confirmed by creating transgenic plants that 
exhibited photo-bleaching.  However, such plants could not grow to maturity.  pds 
transformed  A. thaliana prepared by Wang et al. (2005) also shown the same phenotype.    
 Unfortunately the ectopically presented Atpds long dsRNA and Ntpds siRNAs did not 
induce the phenotype of photo-bleaching.  The addition of detergent Silwet-L77 to Ntpds 
siRNA for reducing the surface tension to try to promote uptake also did not appear to 
enhance ectopic delivery of siRNA since photo-bleaching was not observed.  However, 
application of 500 ng/µL Atpds siRNA, did generate slight bleaching at the site of application 
in A. thaliana leaves.  This result indicates that most of the naked dsRNA applied to the 
leaves was not able to enter the plant cells and induce endogenous gene silencing.  This 
result is similar to results reported by Jiang et al. (2014), in which naked dsRNA (labelled 
with blue fluorescence emitting CXR reference dye) did not show any fluorescence in A. 
thaliana, in contrast to roots  in which  dsRNA coated with nanoparticles did so.   
 Similarly, the leaf delivery of H. schachtii vha-3 dsRNA did not  result in any 
significant reduction in nematode infection compared to the controls, even though the vha-3 
gene, as indicated in Section 3.3.4, resulted in reduced nematode infection in transgenic 
plants.  Therefore, comparing the results of systemic delivery of oligonucleotides with PMO 
backbone and use of naked dsRNA, it is expected that the efficiency of topical delivery of 
nucleic acids is likely to be improved by combining the dsRNA with compounds that aid 
penetration of plant cells, stability of the dsRNA and systemic movement within the treated 
plants.   







Conclusion and future directions 
Bidrectional movement of the the fluorescently labelled oligos clearly indictes that 
once they enter plant cells they can move systemiclly through the plant.  This is an important 
result in itself. Howvever, in these preiminary experiments, ectopic provision of dsRNA of the 
endogenous gene (pds) to A. thaliana and N. tabacum did not result in successful silencing 
of the endogenous gene in most of the treatments.  In additionall, infection of H. schachtii in 
dsRNA-applied plants was not affected compared to the controls.   
Nevertheless, in current research elsewhere evidence is now accumulating that a 
reduction in virus infection in plants can be achieved by RNAi adsorbed to and protected by 
nanoparticles (Mitter et al., 2017), and also endogenous gene silencing through similar use 
of nanoparticles combined with dsRNA technology (Jiang et al., 2014).  These 
results,suggest that modification of dsRNA to enhance its delivery to plants needs further 
investigation before it can be shown to be effective for protecting plants from PPNs.  It may 
be that entry into feeding ells of sedentary endoparasitic nematodes is a barrier to dsRNA 
uptake, and that root lesion   nematodes would be a better target to test this technology.  
Apart from enabling the dsRNA to gain entry to plant cells, the stability of dsRNA on/in plants 
can also be improved using nanotechnology.  Even very long dsRNAs, up to 2 kbp, can be 
retained by some nanoparticles (Mitter et al., 2017).   
Since safety of the methods used to protect crops from PPNs is a consistent theme 
(Michael, 2017), RNAi - based sprays should be safer than many other pesticides.  In 
addition, this mode of delivery of dsRNA may well be regarded as non-GMO.  















6. General Discussion 
 






 The overall aim of the research presented here was to investigate different strategies 
to improve the effectiveness of RNAi to control PPNs, and then to initiate a study of spray-
induced gene silencing as a potential method to by-pass the need to produce genetically 
modified plants.  The main objectives of this research were: 
x to study whether the effectiveness of RNAi in the cyst nematode, H. schachtii, could 
be enhanced by downregulating more than one target gene at the same time. This 
aspect of the study included comparisons of downregulation of single target genes, a 
mixture of two genes and of two genes as a single construct, both in vitro and in 
planta.  This approach could also be applied to target more than one nematode 
species at the same time. 
x to analyse sequence data to assess the existence of small (22 bp) conserved SL-1 
sequence involved in trans-splicing in selected PPNs 
x to determine if knockdown of SL RNA/SL sequences would increase the efficacy  of 
control of the PPNs H. schachtii and P. thornei. The silencing of putatively trans-
spliced genes by using a hairpin SL-1 sequence was studied to determine whether 
this small sequence could downregulate target genes in H. schachtii and P. thornei 
and so elicit more robust RNAi. 
x to assess possible systemic movement of dsRNA through plants after foliar 
application  as a prelude to spray delivery of dsRNA rather than by host-induced 
gene silencing, so achieving target gene silencing without the generation of 
transgenic plants. 
The knowledge generated in this research provides additional new information that 
can help pave the way towards efficient gene silencing in PPNs as a method of their control.  
The main results, some limitations to them, and future prospects of this work are discussed 
below.  





6.1 Choice of target genes, cloning and generation of transgenic plants 
 The choice of target genes was based mainly on previous studies in the lab in which 
dsRNA of each of the target genes used in Chapter 3 had been studied and were known to 
reduce reproduction of H. schachtii on Arabidopsis plants.  (Data in Patent: Fosu-
NyarkoJones (2011)). This patent provides data on Hsvha-3, lev-11, snfc-5, prp-21, lrp-1 and 
bli-5; in addition, from the thesis work of Tan (2015), and Tan (2013) in which dsRNA of pat-
10 and unc-87 inhibited movement in P. thornei and P. zeae, pat-10 was chosen as a target 
for H. schachtii. In each case sequences used were chosen to minimise any off-target 
effects.  The use of SL-RNA as a target was based on knowledge also from our lab that 
PPNS utilised SL RNA trans-splicing to express many genes (Herath, 2016), and so SL-RNA 
downregulation could be expected to be highly damaging to PPNs. 
 The isolation, cloning and sequence confirmation of the target genes was carried out 
successfully, to enable generation of dsRNA from individual genes, separately and when 
cloned together to generate dsRNA.  Transgenic plants of Arabidopsis were also generated 
successfully for experimental challenges to enable studies using these target genes by 
HIGS. 
 The choice of the pds gene for determining the effects of ectopic presentation of 
dsRNA was as a model that could be seen easily in leaves if this gene was silenced in leaf 
cells, because it was silencing should result in photo-bleaching of chlorophyll. 
6.2 Simultaneous silencing of two genes to improve RNAi efficiency 
 There is general agreement in the literature that Host-Induced Gene Silencing can 
confer effective host resistance to PPNs, but that the level of resistance obtained is not 
100%, and that the maximum level is more usually in the order of 70-80%, or less (e.g. 
JonesFosu-Nyarko (2014); Fosu-NyarkoJones (2015)).  The prospects for increasing the 
effectiveness of HIGS has been addressed by studying whether the efficiency of RNAi for 





PPN control can be upgraded by improved by simultaneous silencing of more than one 
target gene.  It was also noted that this approach could also be applied to confer plant 
resistance to more than one pest by expressing dsRNAs to target sequences of vital genes 
against other crop pests.   
In vitro dsRNA feeding experiments are often undertaken as a first screen to identify 
potentially useful targets for HIGS.  From the experimental work undertaken in Chapter 3, 
the results from in vitro RNAi work for single target genes indicate that observed results after 
16hr dsRNA treatments were in line with the proposed functions of the target genes.  Thus 
the two genes involved in muscles/movement (pat-10 and lev-11) both caused almost 
complete immobility, whereas the effects of the vacuolar ATPases were less (70% immobile 
for vha-8 and no effect for vha-3).  For the elongation factor gene ef1-alpha, there was an 
80% inhibition in movement perhaps because there was inhibition of protein synthesis, and 
prp-21 caused 100% immobility and is involved in trans-splicing of a number of genes. 
When dsRNA of two genes were provided, either separately or as one construct, the 
results were more difficult to interpret.  For example, combining vha-3 and vha-8 reduced the 
effects on movement for vha-8.  Combining these targets with pat-10 either decreased (vha-
8) or increased (vha-3) motility.  Combining dsRNA of the two vacuolar ATPases with ef1-α 
reduced its effect alone; with lev-11 and prp-21 the effects were essentially similar.  So an 
additive effect on J2 behaviour when combining two genes together does not necessarily 
occur. 
To a certain extent, the fold changes in target genes in the nematodes after soaking 
also varied, in most instances target gene expression was reduced, but there was also 
upregulation as well (Table 3.2). For example, there was no obvious phenotype after in vitro 
RNAi for vha-3 but lowered gene expression.  This implies that the nematodes respond to 
treatments of a particular gene depending on feed-back pathways and feedback 
mechanisms, reflecting that organisms try to maintain homeostasis under hostile or 





abnormal conditions.  In addition, there may be redundancy for some genes, as found in C. 
elegans (Tischler et al., 2006), and suppression of one gene might not influence the 
phenotype.  Alternatively, the occurrence of a group of proteins encoded by different genes 
may compensate for the disruption of one gene.  For instance, the vha-3 and vha-2 encode 
identical vacuolar ATPase proteins in C. elegans (Oka et al., 1998) that might hinder the 
appearance of an obvious phenotype.   
The inconsistency of some phenotypic observations of in vitro treated nematodes, 
gene expression analysis, and host infection assay might be because the phenotypes could 
be temporary and the nematodes might revert after washing the soaking solution.  The 
occurrence of a ‘recovery’ phenotype after soaking in dsRNA has been reported, for 
example, for the root lesion nematode.  P. coffeae (Joseph et al., 2012),  and a similar 
transient effect of dsRNA soaking was also found by Nsengimana et al. (2013) on M. 
graminicola. Such a phenomenon is likely the result of the nematode responding to the 
perturbation of the treatment in some way, or removal of the dsRNA enables them to recover 
the lost function. 
When considering the percentage reduction in cysts/gram dry weight of roots after 
soaked nematodes had been transferred to WT plants, it is possible that a recovery 
phenomenon occurred, for example when the nematodes were immobile after 16 hours 
soaking, but there was not the same 90-100% reduction in cysts/gram dry weight of roots 
after plant infections.  This was the case for pat-10, lev-11 and prp-21 treated nematodes. 
However, it is more difficult to explain why double gene treatments did or did not increase 
the effectiveness of cyst formation on roots after treatments in a clearly consistent manner. 
 In general, where two gene treatments are considered, the double genes as a single 
construct in an RNAi vector had a greater potential to increase gene knockdown compared 
to two separate genes after in vitro soaking.  Although time limited studying more than two 
gene treatments, this approach can be applied to more target genes (Gouda et al., 2010).  





The choice of target genes will also play a major role in increasing the efficiency of gene 
silencing.  Some RNAi inhibitors increase the effect of RNAi in nematodes.  A rrf-3 mutant 
strain enhanced multiple gene silencing in C. elegans (Tischler et al., 2006).  It follows that 
use inhibitors in RNAi pathway as one target may enhance double/multiple gene silencing 
and increase the effectiveness of RNAi in pests in general and PPNs.  Alternatively, different 
genes of targets from multiple gene families may also improve the efficiency of target gene 
suppression in nematodes.  
 The in vitro feeding experiments were followed by production of transgenic 
Arabidopsis plants and challenge by J2s of H. schachtii.  Results for HIGS can be different 
from those from in vitro feeding for a number of reasons.  For in vitro treatments, long 
dsRNA to target sequences are provided only for 16 hours, whereas in HIGs, there is a 
consistent supply of dsRNA throughout the feeding period, and this is probably pre-
processed in the host plant to siRNAs.  The reduction in cysts per gram dry root weight of 
plants after soaking ranged between 2.3% and 70%, whereas HIGS was generally more 
effective, with ranges from 29.1% to 82% for reduction in the numbers of cysts per gram dry 
root weight.  It was not possible to provide two sets of target genes separately, and so in 
these experiments single and combined genes from the same construct were compared.  
 First, expression of dsRNA to the single genes chosen reduced nematode 
reproduction to the levels expected from previous work in our lab and from the literature 
(Table 3.3).  However, a potential increase in suppression of nematode infection was not as 
marked as had been hoped.  Only the combination of vha-3-vha-8 appeared to reduce cyst 
production more than either single gene, and this was not the case for the other 
combinations tested.  Rather, combinations of genes seem to reduce the effectiveness of 
HIGS. 
A possible limitation that may relate to the non-additive results of host-induced 
double gene silencing could relate to the processing of dsRNA by the plant and the 





probability of taking up siRNAs rather than dsRNA.  The nematode dsRNA generated by the 
RNAi cassette in transgenic plants can be processed by plant DICERs to different sized 
siRNAs (Bakhetia et al., 2005 b).  Since different regions of dsRNA can influence RNAi 
efficiency in PPNs (Sukno et al., 2007; Arguel et al., 2012), it is possible that the ingested 
siRNAs may be less effective when silencing more than one target gene simultaneous, 
maybe because the RNAi mechanism becomes over-loaded in some way.  Perhaps 
alternative methods to induce more specific plant-mediated gene silencing in PPNs could 
reduce this problem.  For example, using expression from artificial microRNAs, which limits 
the usable length of dsRNA, might trigger highly specific plant-mediated gene silencing, and 
so reduce any RNAi system overload (Li et al., 2011).  Delivery of specific siRNAs 
ectopically to plants (Chapter 4) may, therefore, provide the most effective knockdown of 
genes in feeding nematodes.   
6.2 Splice leaders: a possible target for control of PPNs 
 The presence of SLs in PPNs provided an opportunity to explore more on whether 
this small sequence could be a potent RNAi target for PPN control.  Apart from the 
conserved SL-1, different variants identified in PPNs confirmed that the trans-splicing 
mechanism is not restricted to the canonical SL-1, and this is consistent with what is known 
for free-living and animal parasitic nematodes (Guiliano and Blaxter, 2006).  The occurrence 
of variants suggested that the silencing of putatively trans-spliced genes in PPNs would not 
occur efficiently if SL-1 siRNA is used to downregulate its expression.  This is because of the 
high specificity of siRNA silencing; even a mismatch of the single base between siRNA and 
target mRNA might not initiate disruption of gene function (Elbashir et al., 2001).  Hence, 
identification of SL variants in a nematode is a major step towards understanding the effect 
of SL RNA gene silencing on downstream genes.  
 Unlike SL-1/SL-1 variants, SL-2 or SL-2 like sequences are linked mostly to 
downstream genes in polycistronic mRNAs (Huang and Hirsh, 1989; Kuwabara et al., 1992; 





Blumenthal, 1995).  The rare presence of SL-2/SL-2 in studied PPNs suggests that the 
downstream genes might not be associated with SL-2 trans-splicing.  At present, there is not 
enough literature available to support the presence of SL-2/SL-2 variants in sequences of 
PPNs.  This sequence has mainly been found in free-living and animal parasitic nematodes 
(Guiliano and Blaxter, 2006).  Based on the limited data available, it is possible that operon 
genes downstream of polycistronic mRNAs are only transcribed after the upstream SL-1 
trans-spliced gene is processed (Lee and Sommer, 2003).  Alternatively, the canonical 
operon organisation and transcription of genes may be less common in PPNs, or 
transcription of downstream genes in an operon could involve a different mechanism from 
that of C. elegans.  For instance, in the animal parasitic nematode, B. malayi, where no SL-2 
was found, the putative downstream genes also appeared to be trans-spliced with SL-1 
(Guiliano and Blaxter, 2006).  
Based on the studies done so far, the trans-splicing cannot be linked readily to a 
specific group of genes in PPNs.  In C. elegans most of the genes encoding ribosomal 
proteins were considered to be trans-spliced (Maere et al., 2005).  However, in the PPN, H. 
schachtii, the putatively trans-spliced genes did not belong to the same group.  The 
identification of common SL-trans-spliced genes in PPNs will enhance the chances of 
exploiting nematode gene silencing using SL siRNA.  
In Chapter 4, bioinformatic analysis of genomic contigs/scaffolds of four PPNs (G. 
pallida, H. glycines, M. incognita and M. hapla) show that these nematodes do have SL RNA 
genes with characteristic SL-1/SL-1* and Sm-binding sites, and this result supported the 
view that SL-trans-splicing occurs in PPNs.  From the transcriptome of H. schachtii, 688 out 
of the 3,87,668 reads had the canonical SL-1 sequence or its variants.  This was further 
confirmed when seven out of ten selected transcripts were amplified when the SL-1/SL-1-V 
primer and the reverse sequence-specific primers were used.  Soaking J2s with dsSL-1 
clearly resulted in a majority of curled or knotted J2s, but expression of three target genes 





thought to be expressed via trans-splicing as determined by semi-quantitative RT-PCR was 
variable.  The expression of three putative trans-spliced genes acin-1 (apoptotic chromatin 
condensation inducer gene), transfactor (transcription initiation factor gene) and RPL-19 
(ribosomal protein) identified in sequences of H. schachtii was studied in SL-treated 
nematodes.  Although the SL soaked J2s had shown clear phenotypic changes, there was 
the only slight difference in the expression of acin-1 gene and none in transfactor and RPL-
19 from controls in SL treated nematodes. 
The inoculation of SL treated nematodes to A. thaliana resulted in fewer cysts on the 
roots with respect to the controls (dsgfp and no dsRNA), but the difference was not 
statistically significant.  In contrast, there was a significant reduction in penetration of 
nematodes into wheat roots d SL-soaked P. thornei.  These results were disappointing 
overall, but partly reflected the small number of target genes studied, and time limitations 
which did not permit the study of additional genes that might have been trans-spliced.  There 
are two probable explanations for the lack of stronger inhibition of movement or reproduction 
on carrot discs.  Since trans-splicing is such an important process, there are many copies of 
the SL RNA gene, and as large a multi-gene family it may not be possible to downregulate 
all SL-RNA silenced.  Alternatively, the concentration of siRNAs provided in the feeding 
experiments was too low.  Thus, at this stage, unfortunately, the results obtained for RNAi of 
SL-RNA are inconclusive, and additional studies are needed to determine whether or not SL-
RNA could be an outstanding vital gene target for PPN control.   
6.3 Systemic movement of topically applied RNAi triggers in plants 
In addition to finding a suitable universal target (SL) and means to enhance RNAi 
through multiple gene silencing, another objective of this research was to find a non-GM 
technique for initiating plant-mediated RNAi in PPNs.  Another advantage of this strategy is 
that the main patents on RNAi technology (from the CSIRO in Australia, and the Carnegie 
Institute in the USA), do not cover ectopically delivered RNAi.  The concept on which this 





approach is based was to devise a method to apply or spray dsRNA onto aerial parts of the 
plant, and which could then travel systemically to roots and be taken up by nematodes to 
induce gene silencing in them.  Sprays based on dsRNA sprays would enable control of 
plant pests without altering plant genome (Michael, 2017).   
Application of dsRNA to leaves would make it easily accessible to the pests attacking 
the aerial parts of plants.  However, since the focus of this aspect of the work was on control 
of PPNs, the issues to be investigated were whether ectopically applied dsRNA could be 
taken up and move systemically to trigger RNAi in PPNs feeding on root cells, and there 
were questions on the stability of applied dsRNA as well.  In medical research on muscular 
dystrophy more stable PMO-based oligonucleotides have been used.  By obtaining such 
oligonucleotides with a fluorescent label it was possible to demonstrate the successful entry 
of these molecules into cells of treated plant tissues, and to demonstrate bi-directional 
systemic movement inside the plant.  There is evidence that PMO oligonucleotides can 
mediate delivery of oligonucleotides to plants by avoiding non-specific binding with 
extracellular proteins (Kutryk and Serruys, 2005; Mizuta and Higashiyama, 2014).   
The other issues with ectopic delivery of dsRNA relate to stability, uptake and 
longevity of its effects.  Discussions were undertaken with an expert in nanotechnology to 
use hydroxyapatite based nanoparticles as a carrier and protector of dsRNA, but this person 
did not respond in good time.  Naked dsRNA/siRNA might not be able to cross the 
hydrophobic cuticle which forms a barrier to plant cells, and this was the case as shown by 
the lack of endogenous gene silencing using different concentrations of dsRNA and siRNAs 
against the pds gene.  Jiang et al. (2014) were also unsuccessful in delivering naked dsRNA 
and DNA to A. thaliana roots.   
The most promising results on aided delivery of RNAi triggers to plants is to use 
siRNAs and nanoparticles.  Different types of positively charged nanoparticles can take up 
negatively charged dsRNA, which can serve both to stabilise the dsRNA as well as transport 





it to plant cells to be delivered to pests (Jiang et al., 2014; Mitter et al., 2017).  The recent 
work of Mitter et al. (2017) is promising in this respect: she and her group have shown that 
adsorbing dsRNA to patented “bioclay” particles both protects the dsRNA from UV 
degradation and extends the protection of plants to virus infection by up to 30 days after 
application.  If this approach can be developed to field-scale commercial applications, it 
could provide a novel and interesting approach to achieve RNAi in PPNs.  It would also 
enable testing of genes for silencing in a less time-consuming manner.  There are also wider 
applications of this technology and is not limited just to overcoming plant pests.  For 
example, ectopic spraying of nanoparticle-coated DNA could be applied in horticulture to 
advance or delay ripening of fruit or alter the quality of harvested materials.  Moreover, this 
technology could also be used in controlling weeds by gene silencing.  The most important 
advantage of it would be to make commercialisation of products much easier since dsRNA 
spray is not regulated as a GM technology. 
6.4 Issues around GM technologies 
In Australia the growth of GM crops is governed by the Gene Technology Act 2000, which 
regulates any live product of GM technology that is any living organisms that has been 
modified using recombinant DNA methods.  HIGS is therefore regulated by the Office of the 
Gene Technology Regulator, since the gene cassette from which dsRNA is made is a 
product of recombinant DNA technology.  This automatically increases the costs of 
compliance and commercial implementation and means that an RNAi-based trait usually has 
to be delivered by a major company which can meet the costs of the regulatory aspects.  
Nevertheless, there are now a number of RNAi-based traits which are in commercial 
production.  Examples include non-browning “Arctic Apples” (Okanagan Speciality Fruits), 
non-bruising potatoes (Simplot), soybean with enhanced nutritional properties (Monsanto) 
and virus-resistant papaya in Hawaii.  However, SIGs delivery of dsRNA would circumvent 
all the issues of GM regulation, and so this is a really exciting prospect. 





 Gene silencing technology has also been advancing rapidly in another direction, that 
is in “genome editing”.  Genome editing includes targeted mutagenesis, in which a dsDNAse 
(Cas9) is directed by a guide RNA to make a double-stranded cut at a precise site in a DNA 
sequence.  Errors in repair cause mutations in the target gene.  This is called “non-
homologous end joining”, but if a repair oligonucleotide with ends homologous to each side 
of the ds cut is present, then that oligonucleotide can be inserted into the repaired DNA, by a 
process called “homologous end-joining”.  The difference between RNAi and genome editing 
is that a permanent change can be made in the DNA at a different site from the editing 
cassette, and so the insert can be crossed out, leaving an edited plant without introduced 
DNA (Feng et al., 2013; Songstad et al., 2017).  There are many other variants in this 
developing technology, including “synthetic gene drives” (Akbari et al., 2013).  However, 
genome editing cannot be used to deliver a silencing signal like siRNAs, and so its use to 
control pests would be to silence a gene for susceptibility in the plant.  Nevertheless, these 
new technologies are prompting revisions of GM regulations, and safe use of RNAi 
technologies may result in less onerous regulation in the future. 
6.5 Future Directions 
The use of single-gene construct to target and silence more than one gene in PPNs 
at once can still be an effective approach to improve the effectiveness of RNAi to control 
nematodes.  However, this needs further co-transformation experiments to identify the most 
effective gene combinations.  Multiple gene silencing can also be studied using an RNAi 
inhibitor mutant strain to determine whether any improvement in RNAi efficiency can be 
achieved for PPN control.  An additional complication is that a recent publication indicates 
that PPNs secrete inhibitors of RNAi rather like plant viruses have genes that block host 
RNAi (Walsh et al., 2017), and this finding may also help explain why the RNAi HIGS 
approach does not give 100% control of targeted PPNs.  





More information is also needed to identify those genes in PPNs that are trans-
spliced, and especially to find common SL trans-spliced genes.  SL-1 variants can be studies 
in SL siRNA soaking experiments to determine if this will improve RNAi in nematodes.  
Additionally, the development of SL treated nematodes can be monitored for a longer period 
to gain a more detailed and complete understanding of the effects of SL soaking on PPNs. 
Finally, there is great scope to study SIGS using both long dsRNA and siRNA 
adsorbed to nanoparticles as a non-GM delivery method.  The uptake and movement of 
fluorescently labelled RNAi triggers can be tracked inside plants.  This would provide more 
understanding of the delivery of dsRNA.  Increased stability of dsRNA in nanoparticles may 
well solve the problem of stability and longevity of nucleic acids on the plant surface, and 
their entry and systemic movement in plants.  
6.6 Conclusions  
This research has provided significant new information relating to improvement of 
knockdown of PPN genes, and its use as a nematode control strategy.  The use of double 
genes as a single gene construct appears to be more effective in reducing H. schachtii 
development.  The HIGS approach can still be further optimised to achieve maximum 
knockdown of essential genes in PPNs and also in other pests.  The SL-1 and SL-1* 
sequences identified here provide new evidence on trans-splicing in these pests, but HIGS 
of SL RNAs still needs further study as supported by the strong reduction in penetration of P. 
thornei in wheat roots after SL siRNA soaking. Nevertheless, we still seek a final 
understanding of whether SL gene knockdown can be made into a universal RNAi target for 
PPN control. Lastly, the evidence that PMO conjugated oligonucleotides can be transported 
systemically after ectopic delivery whereas the naked dsRNA is not stable enough.  Hence, 
combining dsRNAs nanotechnology is an exciting strategy as a means of delivering gene 







Acedo, J. and Rohde, R. (1971). Histochemical Root Pathology of Brassica oleracea 
capitata L. Infected by Pratylenchus penetrans (Cobb) Filipjev and Schuurmans Stekhoyen 
(Nematoda: Tylenchidae). Journal of nematology, 3(1): 62. 
Akbari, O. S., Matzen, K. D., Marshall, J. M., Huang, H., Ward, C. M. and Hay, B. A. (2013). 
A synthetic gene drive system for local, reversible modification and suppression of insect 
populations. Current Biology, 23(8): 671-677. 
Alder, M. N., Dames, S., Gaudet, J. and Mango, S. E. (2003). Gene silencing in 
Caenorhabditis elegans by transitive RNA interference. RNA, 9(1): 25-32. 
Alkharouf, N. W., Klink, V. P. and Matthews, B. F. (2007). Identification of Heterodera 
glycines (soybean cyst nematode [SCN]) cDNA sequences with high identity to those of 
Caenorhabditis elegans having lethal mutant or RNAi phenotypes. Experimental 
parasitology, 115(3): 247-258. 
Allen, M. A., Hillier, L. W., Waterston, R. H. and Blumenthal, T. (2011). A global analysis of 
C. elegans trans-splicing. Genome Research, 21(2): 255-264. 
Ambros, V., Lee, R. C., Lavanway, A., Williams, P. T. and Jewell, D. (2003). MicroRNAs and 
other tiny endogenous RNAs in C. elegans. Current Biology, 13(10): 807-818. 
Amin, A. N., Hayashi, S. and Bartlem, D. G. (2014). Robust in vitro assay system for 
quantitative analysis of parasitic root-knot nematode infestation using Lotus japonicus. 
Journal of Bioscience and Bioengineering, 118(2): 205-213. 
Aoki, K., Moriguchi, H., Yoshioka, T., Okawa, K. and Tabara, H. (2007). In vitro analyses of 
the production and activity of secondary small interfering RNAs in C. elegans. The EMBO 
journal, 26(24): 5007-5019. 
Arguel, M.-J., Jaouannet, M., Magliano, M., Abad, P. and Rosso, M.-N. (2012). siRNAs 
trigger efficient silencing of a parasitism gene in plant parasitic root-knot nematodes. Genes, 
3(3): 391-408. 
Arnaiz, E., Doucede, L. I., Garcia-Gallego, S., Urbiola, K., Gomez, R., Tros de Ilarduya, C. 
and de la Mata, F. J. (2012). Synthesis of cationic carbosilane dendrimers via click chemistry 
and their use as effective carriers for DNA transfection into cancerous cells. Molecular 
Pharmacology, 9(3): 433-447. 
Bakhetia, M., Charlton, W., Atkinson, H. J. and McPherson, M. J. (2005 a). RNA interference 
of dual oxidase in the plant nematode Meloidogyne incognita. Molecular Plant-Microbe 





Bakhetia, M., Charlton, W. L., Urwin, P. E., McPherson, M. J. and Atkinson, H. J. (2005 b). 
RNA interference and plant parasitic nematodes. Trends in Plant Science, 10(8): 362-367. 
Bakhetia, M., Urwin, P. and Atkinson, H. (2008). Characterisation by RNAi of pioneer genes 
expressed in the dorsal pharyngeal gland cell of Heterodera glycines and the effects of 
combinatorial RNAi. International journal for parasitology, 38(13): 1589-1597. 
Bakhetia, M., Urwin, P. and Atkinson, H. J. (2007). qPCR analysis and RNAi define 
pharyngeal gland cell-expressed genes of Heterodera glycines required for initial interactions 
with the host. Molecular Plant-Microbe Interactions, 20(3): 306-312. 
Bakhetia, M., Urwin, P. E. and Atkinson, H. J. (2008). Characterisation by RNAi of pioneer 
genes expressed in the dorsal pharyngeal gland cell of Heterodera glycines and the effects 
of combinatorial RNAi. International Journal of Parasitology, 38(13): 1589-1597. 
Banakar, P., Sharma, A., Lilley, C. J., Gantasala, N. P., Kumar, M. and Rao, U. (2015). 
Combinatorial in vitro RNAi of two neuropeptide genes and a pharyngeal gland gene on 
Meloidogyne incognita. Nematology, 17(2): 155-167. 
Bektesh, S. and Hirsh, D. (1988). C. elegans mRNAs acquire a spliced leader through a 
trans-splicing mechanism. Nucleic acids research, 16(12): 5692. 
Bent, A. (2006).Arabidopsis thaliana floral dip transformation method. Agrobacterium 
protocols, Humana Press.87-104 
Bent, A. (2006). Arabidopsis thaliana floral dip transformation method. Agrobacterium 
protocols: 87-104. 
Billi, A. C., Fischer, S. E. and Kim, J. K. (2005).Endogenous RNAi pathways in C. elegans, 
Pasadena (CA): WormBook 
Bitar, M., Boroni, M., Macedo, A. M., Machado, C. R. and Franco, G. R. (2013). The spliced 
leader trans-splicing mechanism in different organisms: molecular details and possible 
biological roles. Frontiers in genetics, 4: 199. 
Blaxter, M. and Liu, L. (1996). Nematode spliced leaders—ubiquity, evolution and utility. 
International journal for parasitology, 26(10): 1025-1033. 
Blumenthal, T. (1995). Trans-splicing and polycistronic transcription in Caenohabditis 
elegans. Trends in Genetics, 11(4): 132-136. 





Blumenthal, T., Evans, D., Link, C. D., Guffanti, A., Lawson, D., Thierry-Mieg, J., Thierry-
Mieg, D., Chiu, W. L., Duke, K. and Kiraly, M. (2002). A global analysis of Caenorhabditis 
elegans operons. Nature, 417(6891): 851-854. 
Blumenthal, T. and Gleason, K. S. (2003). Caenorhabditis elegans operons: form and 
function. Nature Reviews Genetics, 4(2): 110-118. 
Böckenhoff, A. and Grundler, F. (1994). Studies on the nutrient uptake by the beet cyst 
nematode Heterodera schachtii by in situ microinjection of fluorescent probes into the 
feeding structures in Arabidopsis thaliana. Parasitology, 109(02): 249-255. 
Brodie, B., Evans, K. and Franco, J. (1993).Nematode parasites of potatoes. Plant parasitic 
nematodes in temperate agriculture. UK, CAB International 
Calo, S., Nicolás, F. E., Vila, A., Torres‐Martínez, S. and Ruiz‐Vázquez, R. M. (2012). Two 
distinct RNA‐dependent RNA polymerases are required for initiation and amplification of 
RNA silencing in the basal fungus Mucor circinelloides. Molecular microbiology, 83(2): 379-
394. 
Castillo, P. and Vovlas, N. (2007).Pratylenchus (Nematoda: Pratylenchidae): diagnosis, 
biology, pathogenicity and management, Brill 
Charlton, W. L., Harel, H. Y., Bakhetia, M., Hibbard, J. K., Atkinson, H. J. and McPherson, 
M. J. (2010). Additive effects of plant expressed double-stranded RNAs on root-knot 
nematode development. Int J Parasitol, 40(7): 855-864. 
Chen, C.-C. G., Simard, M. J., Tabara, H., Brownell, D. R., McCollough, J. A. and Mello, C. 
C. (2005 a). A member of the polymerase β nucleotidyltransferase superfamily is required 
for RNA interference in C. elegans. Current biology, 15(4): 378-383. 
Chen, Q., Rehman, S., Smant, G. and Jones, J. T. (2005 b). Functional analysis of 
pathogenicity proteins of the potato cyst nematode Globodera rostochiensis using RNAi. 
Molecular Plant-Microbe Interactions, 18(7): 621-625. 
Chen, S. and Dickson, D. (2004). Biological control of nematodes by fungal antagonists. 
Nematology: advances and perspectives, 2: 343-403. 
Cheng, G., Cohen, L., Ndegwa, D. and Davis, R. E. (2006). The flatworm spliced leader 3′-
terminal AUG as a translation initiator methionine. Journal of Biological Chemistry, 281(2): 
733-743. 
Cheng, X., Xiang, Y., Xie, H., Xu, C.-L., Xie, T.-F., Zhang, C. and Li, Y. (2013). Molecular 
characterization and functions of fatty acid and retinoid binding protein gene (Ab-far-1) in 





Chitwood, B. G. and Chitwood, M. B. H. (1974).Introduction to Nematology: With 
Contributions by RO Christenson [And Others]. Consolidated Ed. with Rev, University Park 
Press 
Chitwood, D. J. (2003). Research on plant‐parasitic nematode biology conducted by the 
United States Department of Agriculture–Agricultural Research Service. Pest management 
science, 59(6‐7): 748-753. 
Chitwood, D. J. and Perry, R. N. (2009).Reproduction, physiology and biochemistry. Root-
knot nematodes, CABI 
Christie, J. (1937). Mermis subnigrescens, a nematode parasite of grasshoppers. Journal of 
Agricultural Research, 55(5): 353-364. 
Cogoni, C., Irelan, J. T., Schumacher, M., Schmidhauser, T. J., Selker, E. U. and Macino, G. 
(1996). Transgene silencing of the al-1 gene in vegetative cells of Neurospora is mediated 
by a cytoplasmic effector and does not depend on DNA-DNA interactions or DNA 
methylation. The EMBO journal, 15(12): 3153. 
Conrad, R., Thomas, J., Spieth, J. and Blumenthal, T. (1991). Insertion of part of an intron 
into the 5'untranslated region of a Caenorhabditis elegans gene converts it into a trans-
spliced gene. Molecular and cellular biology, 11(4): 1921-1926. 
Cui, M., Allen, M. A., Larsen, A., MacMorris, M., Han, M. and Blumenthal, T. (2008). Genes 
involved in pre-mRNA 3′-end formation and transcription termination revealed by a lin-15 
operon Muv suppressor screen. Proceedings of the National Academy of Sciences, 105(43): 
16665-16670. 
Curtis, R. H., Robinson, A. F. and Perry, R. N. (2009).Hatch and host location. Root-knot 
nematodes, CAB International 
Dafny-Yelin, M. and Tzfira, T. (2007). Delivery of multiple transgenes to plant cells. Plant 
Physiology, 145(4): 1118-1128. 
Dalzell, J. J., McMaster, S., Fleming, C. C. and Maule, A. G. (2010 b). Short interfering RNA-
mediated gene silencing in Globodera pallida and Meloidogyne incognita infective stage 
juveniles. Int J Parasitol, 40(1): 91-100. 
Dalzell, J. J., McMaster, S., Johnston, M. J., Kerr, R., Fleming, C. C. and Maule, A. G. 
(2009). Non-nematode-derived double-stranded RNAs induce profound phenotypic changes 
in Meloidogyne incognita and Globodera pallida infective juveniles. International journal for 





Dalzell, J. J., McVeigh, P., Warnock, N. D., Mitreva, M., Bird, D. M., Abad, P., Fleming, C. 
C., Day, T. A., Mousley, A. and Marks, N. J. (2011). RNAi effector diversity in nematodes. 
PLoS Negl Trop Dis, 5(6): e1176. 
Dalzell, J. J., McVeigh, P., Warnock, N. D., Mitreva, M., Bird, D. M., Abad, P., Fleming, C. 
C., Day, T. A., Mousley, A. and Marks, N. J. (2011). RNAi effector diversity in nematodes. 
PLOS Neglected Tropical Diseases, 5(6): e1176. 
Dalzell, J. J., Warnock, N. D., Stevenson, M. A., Mousley, A., Fleming, C. C. and Maule, A. 
G. (2010 a). Short interfering RNA-mediated knockdown of drosha and pasha in 
undifferentiated Meloidogyne incognita eggs leads to irregular growth and embryonic 
lethality. International journal for parasitology, 40(11): 1303-1310. 
Davis, E. L., Hussey, R. S. and Baum, T. J. (2004). Getting to the roots of parasitism by 
nematodes. Trends Parasitol, 20(3): 134-141. 
Davis, R. (1996). Spliced leader RNA trans-splicing in metazoa. Parasitology Today, 12(1): 
33-40. 
De Boer, J., Davis, E., Hussey, R., Popeijus, H., Smant, G. and Baum, T. (2002). Cloning of 
a putative pectate lyase gene expressed in the subventral esophageal glands of Heterodera 
glycines. Journal of nematology, 34(1): 9. 
de Boer, J. M., Yan, Y., Wang, X., Smant, G., Hussey, R. S., Davis, E. L. and Baum, T. J. 
(1999). Developmental expression of secretory β-1, 4-endoglucanases in the subventral 
esophageal glands of Heterodera glycines. Molecular Plant-Microbe Interactions, 12(8): 663-
669. 
De Meutter, J., Vanholme, B., Bauw, G., Tytgat, T., Gheysen, G. and Gheysen, G. (2001). 
Preparation and sequencing of secreted proteins from the pharyngeal glands of the plant 
parasitic nematode Heterodera schachtii. Molecular Plant Pathology, 2(5): 297-301. 
De Smedt, S. C., Demeester, J. and Hennink, W. E. (2000). Cationic polymer based gene 
delivery systems. Pharmaceutical research, 17(2): 113-126. 
de Smet, M. D., Meenken, C. and van den Horn, G. J. (1999). Fomivirsen–a 
phosphorothioate oligonucleotide for the treatment of CMV retinitis. Ocular immunology and 
inflammation, 7(3-4): 189-198. 
Di Serio, F., Schöb, H., Iglesias, A., Tarina, C., Bouldoires, E. and Meins, F. (2001). Sense-
and antisense-mediated gene silencing in tobacco is inhibited by the same viral suppressors 
and is associated with accumulation of small RNAs. Proceedings of the National Academy of 





Dinç, E., Tóth, S. Z., Schansker, G., Ayaydin, F., Kovács, L., Dudits, D., Garab, G. and 
Bottka, S. (2011). Synthetic antisense oligodeoxynucleotides to transiently suppress different 
nucleus-and chloroplast-encoded proteins of higher plant chloroplasts. Plant physiology, 
157(4): 1628-1641. 
Dinh, P. T., Brown, C. R. and Elling, A. A. (2014). RNA interference of effector gene 
Mc16D10L confers resistance against Meloidogyne chitwoodi in Arabidopsis and potato. 
Phytopathology, 104(10): 1098-1106. 
Dong, L., Xu, J., Chen, S., Li, X. and Zuo, Y. (2016). Mi-flp-18 and Mi-mpk-1 genes are 
potential targets for Meloidogyne incognita control. The Journal of parasitology, 102(2): 208-
213. 
Douris, V., Telford, M. J. and Averof, M. (2010). Evidence for multiple independent origins of 
trans-splicing in Metazoa. Molecular biology and evolution, 27(3): 684-693. 
Dubreuil, G., Magliano, M., Deleury, E., Abad, P. and Rosso, M. (2007). Transcriptome 
analysis of root‐knot nematode functions induced in the early stages of parasitism. New 
Phytologist, 176(2): 426-436. 
Duchaine, T. F., Wohlschlegel, J. A., Kennedy, S., Bei, Y., Conte, D., Pang, K., Brownell, D. 
R., Harding, S., Mitani, S. and Ruvkun, G. (2006). Functional proteomics reveals the 
biochemical niche of C. elegans DCR-1 in multiple small-RNA-mediated pathways. Cell, 
124(2): 343-354. 
Dutta, T. K., Banakar, P. and Rao, U. (2014). The status of RNAi-based transgenic research 
in plant nematology. Front Microbiology, 5: 760. 
Elbashir, S. M., Martinez, J., Patkaniowska, A., Lendeckel, W. and Tuschl, T. (2001). 
Functional anatomy of siRNAs for mediating efficient RNAi in Drosophila melanogaster 
embryo lysate. The EMBO journal, 20(23): 6877-6888. 
Endo, B. Y. (1991). Ultrastructure of initial responses of susceptible and resistant soybean 
roots to infection by Heterodera glycines. Revue de Nematologie, 14(1): 73-94. 
Evans, A. (1998). Reproductive mechanisms. The physiology and biochemistry of free-living 
and plant-parasitic nematodes: 133-154. 
Evans, D., Perez, I., MacMorris, M., Leake, D., Wilusz, C. J. and Blumenthal, T. (2001). A 
complex containing CstF-64 and the SL2 snRNP connects mRNA 3′ end formation and 
trans-splicing in C. elegans operons. Genes and development, 15(19): 2562-2571. 
Evans, K., Trudgill, D. L. and Webster, J. M. (1993).Plant parasitic nematodes in temperate 





Eves-van den Akker, S., Laetsch, D. R., Thorpe, P., Lilley, C. J., Danchin, E. G., Da Rocha, 
M., Rancurel, C., Holroyd, N. E., Cotton, J. A. and Szitenberg, A. (2016). The genome of the 
yellow potato cyst nematode, Globodera rostochiensis, reveals insights into the basis of 
parasitism and virulence. Genome biology, 17(1): 124. 
Eves-van den Akker, S., Lilley, C. J., Ault, J. R., Ashcroft, A. E., Jones, J. T. and Urwin, P. E. 
(2014 b). The feeding tube of cyst nematodes: characterisation of protein exclusion. PloS 
one, 9(1): e87289. 
Eves-van den Akker, S., Lilley, C. J., Jones, J. T. and Urwin, P. E. (2014 a). Identification 
and characterisation of a hyper-variable apoplastic effector gene family of the potato cyst 
nematodes. PLoS Pathogens, 10(9): e1004391. 
Fairbairn, D. J., Cavallaro, A. S., Bernard, M., Mahalinga-Iyer, J., Graham, M. W. and 
Botella, J. R. (2007). Host-delivered RNAi: an effective strategy to silence genes in plant 
parasitic nematodes. Planta, 226(6): 1525-1533. 
Fanelli, E., Di Vito, M., Jones, J. T. and De Giorgi, C. (2005). Analysis of chitin synthase 
function in a plant parasitic nematode, Meloidogyne artiellia, using RNAi. Gene, 349: 87-95. 
Feinberg, E. H. and Hunter, C. P. (2003). Transport of dsRNA into cells by the 
transmembrane protein SID-1. Science, 301(5639): 1545-1547. 
Feng, Z., Zhang, B., Ding, W., Liu, X., Yang, D.-L., Wei, P., Cao, F., Zhu, S., Zhang, F. and 
Mao, Y. (2013). Efficient genome editing in plants using a CRISPR/Cas system. Cell 
Research, 23(10): 1229. 
Fire, A., Xu, S., Montgomery, M. K., Kostas, S. A., Driver, S. E. and Mello, C. C. (1998). 
Potent and specific genetic interference by double-stranded RNA in Caenorhabditis elegans. 
Nature, 391(6669): 806-811. 
Fosu-Nyarko, J. and Jones, M. G. K. (2011). U.S. Patent Application No. 13/823,082. 
Fosu-Nyarko, J. and Jones, M. G. K. (2015). Chapter Fourteen-Application of biotechnology 
for nematode control in crop plants. Advances in Botanical Research, 73: 339-376. 
Fosu-Nyarko, J. and Jones, M. G. K. (2016 a). Advances in understanding the molecular 
mechanisms of root lesion nematode host interactions. Annual Review of Phytopathology, 
54: 253-278. 
Fosu-Nyarko, J., Nicol, P., Naz, F., Gill, R. and Jones, M. G. (2016 b). Analysis of the 






Fosu-Nyarko, J., Tan, J. A. C., Gill, R., Agrez, V. G., Rao, U. and Jones, M. G. K. (2015). De 
novo analysis of the transcriptome of Pratylenchus zeae to identify transcripts for proteins 
required for structural integrity, sensation, locomotion and parasitism. Molecular plant 
pathology, 17(4): 532-552. 
Fulci, V. and Macino, G. (2007). Quelling: post-transcriptional gene silencing guided by small 
RNAs in Neurospora crassa. Current opinion in microbiology, 10(2): 199-203. 
Fusaro, A. F., Matthew, L., Smith, N. A., Curtin, S. J., Dedic‐Hagan, J., Ellacott, G. A., 
Watson, J. M., Wang, M. B., Brosnan, C. and Carroll, B. J. (2006). RNA interference‐
inducing hairpin RNAs in plants act through the viral defence pathway. EMBO Reports, 
7(11): 1168-1175. 
Gan, D., Zhang, J., Jiang, H., Jiang, T., Zhu, S. and Cheng, B. (2010). Bacterially expressed 
dsRNA protects maize against SCMV infection. Plant cell reports, 29(11): 1261-1268. 
Gan, D., Zhang, J., Jiang, H., Jiang, T., Zhu, S. and Cheng, B. (2010). Bacterially expressed 
dsRNA protects maize against SCMV infection. Plant Cell Reports, 29(11): 1261-1268. 
Ganot, P., Kallesøe, T., Reinhardt, R., Chourrout, D. and Thompson, E. M. (2004). Spliced-
leader RNA trans splicing in a chordate, Oikopleura dioica, with a compact genome. 
Molecular and cellular biology, 24(17): 7795-7805. 
Gao, B., Allen, R., Maier, T., Davis, E., Baum, T. and Hussey, R. (2002). Identification of a 
new ss-1, 4-endoglucanase gene expressed in the esophageal subventral gland cells of 
Heterodera glycines. Journal of nematology, 34(1): 12. 
Gao, B., Allen, R., Maier, T., Davis, E. L., Baum, T. J. and Hussey, R. S. (2003). The 
parasitome of the phytonematode Heterodera glycines. Molecular Plant-Microbe 
Interactions, 16(8): 720-726. 
Gheysen, G. and Vanholme, B. (2007). RNAi from plants to nematodes. Trends in 
Biotechnology, 25(3): 89-92. 
Gleave, A. P. (1992). A versatile binary vector system with a T-DNA organisational structure 
conducive to efficient integration of cloned DNA into the plant genome. Plant molecular 
biology, 20(6): 1203-1207. 
Goellner, M., Smant, G., De Boer, J., Baum, T. and Davis, E. (2000). Isolation of beta-1, 4-
endoglucanase genes from Globodera tabacum and their expression during parasitism. 
Journal of Nematology, 32(2): 154. 
Gouda, K., Matsunaga, Y., Iwasaki, T. and Kawano, T. (2010). An altered method of feeding 
RNAi that knocks down multiple genes simultaneously in the nematode Caenorhabditis 





Graber, J. H., Salisbury, J., Hutchins, L. N. and Blumenthal, T. (2007). C. elegans 
sequences that control trans-splicing and operon pre-mRNA processing. RNA, 13(9): 1409-
1426. 
Grishok, A. (2005). RNAi mechanisms in Caenorhabditis elegans. FEBS letters, 579(26): 
5932-5939. 
Grishok, A., Pasquinelli, A. E., Conte, D., Li, N., Parrish, S., Ha, I., Baillie, D. L., Fire, A., 
Ruvkun, G. and Mello, C. C. (2001). Genes and mechanisms related to RNA interference 
regulate expression of the small temporal RNAs that control C. elegans developmental 
timing. Cell, 106(1): 23-34. 
Guiliano, D. B. and Blaxter, M. L. (2006). Operon conservation and the evolution of trans-
splicing in the phylum Nematoda. PLoS Genetics, 2(11): e198. 
Habig, J. W., Aruscavage, P. J. and Bass, B. L. (2008). In C. elegans, high levels of dsRNA 
allow RNAi in the absence of RDE-4. PloS one, 3(12): e4052. 
Haegeman, A., Joseph, S. and Gheysen, G. (2011). Analysis of the transcriptome of the root 
lesion nematode Pratylenchus coffeae generated by 454 sequencing technology. Molecular 
and biochemical parasitology, 178(1): 7-14. 
Hall, T. A. (1999). BioEdit: a user-friendly biological sequence alignment editor and analysis 
program for Windows 95/98/NT. Nucleic acids symposium series, [London]: Information 
Retrieval Ltd., c1979-c2000. 
Hallmann, J., Davies, K. G. and Sikora, R. (2009).17 Biological Control Using Microbial 
Pathogens, Endophytes and Antagonists. Root-knot nematodes 
Hammond, S. M. (2005). Dicing and slicing. FEBS letters, 579(26): 5822-5829. 
Handoo, Z. A. (1998).Plant-parasitic nematodes, USDA, ARS, Nematology Laboratory 
Hannon, G. J. (2002). RNA interference. Nature, 418(6894): 244-251. 
Hannon, G. J., Maroney, P. A., Yu, Y.-T., Hannon, G. E. and Nilsen, T. W. (1992). 
Interaction of U6 snRNA with a sequence required for function of the nematode SL RNA in 
trans-splicing. Science New York then Washington, 258: 1775-1775. 
Hannon, G. J., Maroney, P. A., Yu, Y.-T., Hannon, G. E. and Nilsen, T. W. (1992). 
Interaction of U6 snRNA with a sequence required for function of the nematode SL RNA in 





Hastings, K. E. (2005). SL trans-splicing: easy come or easy go? Trends Genet, 21(4): 240-
247. 
Hedgecock, E. M., Culotti, J. G., Thomson, J. N. and Perkins, L. A. (1985). Axonal guidance 
mutants of Caenorhabditis elegans identified by filling sensory neurons with fluorescein 
dyes. Developmental biology, 111(1): 158-170. 
Helliwell, C. and Waterhouse, P. (2003). Constructs and methods for high-throughput gene 
silencing in plants. Methods, 30(4): 289-295. 
Henry, R. (1997). Useful routine protocols in plant molecular biology. Practical Applications 
of Plant Molecular Biology, Springer: 175-220. 
Herath, H. (2016). Comparative and functional analysis of the spliceosome units of the cyst 
and root lesion nematodes, Murdoch University. 
Hershman, D., Heinz, R. and Kennedy, B. (2008). Soybean cyst nematode, Heterodera 
glycines, populations adapting to resistant soybean cultivars in Kentucky. Plant Disease, 
92(10): 1475-1475. 
Hinas, A., Wright, A. J. and Hunter, C. P. (2012). SID-5 is an endosome-associated protein 
required for efficient systemic RNAi in C. elegans. Current biology, 22(20): 1938-1943. 
Hodda, M. and Cook, D. (2009). Economic impact from unrestricted spread of potato cyst 
nematodes in Australia. Phytopathology, 99(12): 1387-1393. 
Hofmann, J. and Grundler, F. M. (2007). How do nematodes get their sweets? Solute supply 
to sedentary plant-parasitic nematodes. Nematology, 9(4): 451-458. 
Hoogstrate, S. W., Volkers, R. J., Sterken, M. G., Kammenga, J. E. and Snoek, L. B. (2014). 
Nematode endogenous small RNA pathways. Worm, Taylor and Francis. 
Hu, E. and Rubin, C. (1991). Casein kinase II from Caenorhabditis elegans. Cloning, 
characterization, and developmental regulation of the gene encoding the beta subunit. 
Journal of Biological Chemistry, 266(29): 19796-19802. 
Huang, G., Allen, R., Davis, E. L., Baum, T. J. and Hussey, R. S. (2006). Engineering broad 
root-knot resistance in transgenic plants by RNAi silencing of a conserved and essential 
root-knot nematode parasitism gene. Proceedings of Natural Academy of Sciences USA, 
103(39): 14302-14306. 
Huang, X.-Y. and Hirsh, D. (1989). A second trans-spliced RNA leader sequence in the 






Hull, D. and Timmons, L. (2004). Methods for delivery of double-stranded RNA into 
Caenorhabditis elegans. RNA Interference, Editing, and Modification: Methods and 
Protocols: 23-58. 
Hussey, R. and Mims, C. (1991). Ultrastructure of feeding tubes formed in giant-cells 
induced in plants by the root-knot nematode Meloidogyne incognita. Protoplasma, 162(2): 
99-107. 
Iberkleid, I., Vieira, P., de Almeida Engler, J., Firester, K., Spiegel, Y. and Horowitz, S. B. 
(2013). Fatty acid-and retinol-binding protein, Mj-FAR-1 induces tomato host susceptibility to 
root-knot nematodes. PLoS One, 8(5): e64586. 
Ibrahim, H. M., Alkharouf, N. W., Meyer, S. L., Aly, M. A., Gamal El-Din Ael, K., Hussein, E. 
H. and Matthews, B. F. (2011). Post-transcriptional gene silencing of root-knot nematode in 
transformed soybean roots. Experimental Parasitology, 127(1): 90-99. 
Iqbal, S., Fosu-Nyarko, J. and Jones, M. G. K. (2016). Genomes of parasitic nematodes 
(Meloidogyne hapla, Meloidogyne incognita, Ascaris suum and Brugia malayi) have a 
reduced complement of small RNA interference pathway genes: knockdown can reduce host 
infectivity of M. incognita. Functional and integrative genomics, 16(4): 441-457. 
Jacobs, J. J., Sanders, M., Bots, M., Andriessen, M., van Eldik, G. J., Litière, K., Van 
Montagu, M. and Cornelissen, M. (1999). Sequences throughout the basic β‐1, 3‐glucanase 
mRNA coding region are targets for homology dependent post‐transcriptional gene silencing. 
The Plant Journal, 20(2): 143-152. 
Jaouannet, M., Magliano, M., Arguel, M. J., Gourgues, M., Evangelisti, E., Abad, P. and 
Rosso, M.-N. (2013). The root-knot nematode calreticulin Mi-CRT is a key effector in plant 
defense suppression. Molecular Plant-Microbe Interactions, 26(1): 97-105. 
Jiang, L., Ding, L., He, B., Shen, J., Xu, Z., Yin, M. and Zhang, X. (2014). Systemic gene 
silencing in plants triggered by fluorescent nanoparticle-delivered double-stranded RNA. 
Nanoscale, 6(17): 9965-9969. 
Joga, M. R., Zotti, M. J., Smagghe, G. and Christiaens, O. (2016). RNAi efficiency, systemic 
properties, and novel delivery methods for pest insect control: what we know so far. 
Frontiers in Physiology, 7: 553. 
Jones, J. T., Haegeman, A., Danchin, E. G., Gaur, H. S., Helder, J., Jones, M. G., Kikuchi, 
T., Manzanilla‐López, R., Palomares‐Rius, J. E. and Wesemael, W. M. (2013). Top 10 plant‐
parasitic nematodes in molecular plant pathology. Molecular Plant Pathology, 14(9): 946-
961. 
Jones, M. G. K. (1981). Host cell responses to endoparasitic nematode attack: structure and 





Jones, M. G. K. and Fosu-Nyarko, J. (2014). Molecular biology of root lesion nematodes 
(Pratylenchus spp.) and their interaction with host plants. Annals of Applied Biology, 164(2): 
163-181. 
Jones, M. G. K. and Goto, D. B. (2011).Root-knot nematodes and giant cells. Genomics and 
Molecular Genetics of Plant-Nematode Interactions, Springer 
Jones, P., Tylka, G. and Perry, R. (1998).Hatching. The physiology and biochemistry of free-
living and plant-parasitic nematodes. , Wallingford, UK, CABI Publishing 
Jorgensen, R. A., Cluster, P. D., English, J., Que, Q. and Napoli, C. A. (1996). Chalcone 
synthase cosuppression phenotypes in petunia flowers: comparison of sense vs. antisense 
constructs and single-copy vs. complex T-DNA sequences. Plant molecular biology, 31(5): 
957-973. 
Jose, A. M., Garcia, G. A. and Hunter, C. P. (2011). Two classes of silencing RNAs move 
between Caenorhabditis elegans tissues. Nature structural and molecular biology, 18(11): 
1184-1188. 
Jose, A. M., Kim, Y. A., Leal-Ekman, S. and Hunter, C. P. (2012). Conserved tyrosine kinase 
promotes the import of silencing RNA into Caenorhabditis elegans cells. Proceedings of the 
National Academy of Sciences, 109(36): 14520-14525. 
Joseph, S., Gheysen, G. and Subramaniam, K. (2012). RNA interference in Pratylenchus 
coffeae: knock down of Pc-pat-10 and Pc-unc-87 impedes migration. Molecular and 
Biochemical Parasitology, 186(1): 51-59. 
Jungblut, B. and Sommer, R. J. (1998). The Pristionchus pacificus mab-5 gene is involved in 
the regulation of ventral epidermal cell fates. Current Biology, 8(13): 775-778. 
Katoch, R., Sethi, A., Thakur, N. and Murdock, L. L. (2013). RNAi for insect control: current 
perspective and future challenges. Applied Biochemistry and Biotechnology, 171(4): 847-
873. 
Kerschen, A., Napoli, C. A., Jorgensen, R. A. and Müller, A. E. (2004). Effectiveness of RNA 
interference in transgenic plants. FEBS letters, 566(1-3): 223-228. 
Kimber, M. J., McKinney, S., McMaster, S., Day, T. A., Fleming, C. C. and Maule, A. G. 
(2007). flp gene disruption in a parasitic nematode reveals motor dysfunction and unusual 
neuronal sensitivity to RNA interference. The FASEB Journal, 21(4): 1233-1243. 
Klink, V. P., Kim, K. H., Martins, V., Macdonald, M. H., Beard, H. S., Alkharouf, N. W., Lee, 
S. K., Park, S. C. and Matthews, B. F. (2009). A correlation between host-mediated 





female Heterodera glycines cyst formation during infection of Glycine max. Planta, 230(1): 
53-71. 
Koch, A. and Kogel, K. H. (2014). New wind in the sails: improving the agronomic value of 
crop plants through RNAi-mediated gene silencing. Plant Biotechnology Journal, 12(7): 821-
831. 
Koltai, H., Spiegel, Y. and Blaxter, M. L. (1997). Regulated use of an alternative spliced 
leader exon in the plant parasitic nematode Meloidogyne javanica. Molecular and 
biochemical parasitology, 86(1): 107-110. 
Köping-Höggård, M., Tubulekas, I., Guan, H., Edwards, K., Nilsson, M., Vårum, K. M. and 
Artursson, P. (2001). Chitosan as a nonviral gene delivery system. Structure-property 
relationships and characteristics compared with polyethylenimine in vitro and after lung 
administration in vivo. Gene therapy, 8(14): 1108. 
Krause, M. and Hirsh, D. (1987). A trans-spliced leader sequence on actin mRNA in C. 
elegans. Cell, 49(6): 753-761. 
Kuersten, S., Lea, K., MacMorris, M., Spieth, J. and Blumenthal, T. (1997). Relationship 
between 3'end formation and SL2-specific trans-splicing in polycistronic Caenorhabditis 
elegans pre-mRNA processing. Rna, 3(3): 269-278. 
Kühn, J. (1881).Die Ergebnisse der Versuche zur Ermittelung der Ursache der 
Rübenmüdigkeit und zur Erforschung der Natur der Nematoden, G. Schönfeld 
Kutryk, M. J. and Serruys, P. W. (2005). Local delivery of antisense oligomers to c-myc for 
the prevention of restenosis. Local drug delivery for coronary artery disease: established and 
emerging applications, CRC Press: 265-273. 
Kuwabara, P. E., Okkema, P. G. and Kimble, J. (1992). tra-2 encodes a membrane protein 
and may mediate cell communication in the Caenorhabditis elegans sex determination 
pathway. Molecular Biology of the Cell, 3(4): 461-473. 
Lakshmanan, M., Kodama, Y., Yoshizumi, T., Sudesh, K. and Numata, K. (2013). Rapid and 
efficient gene delivery into plant cells using designed peptide carriers. Biomacromolecules, 
14(1): 10-16. 
Lall, S., Friedman, C. C., Jankowska-Anyszka, M., Stepinski, J., Darzynkiewicz, E. and 
Davis, R. E. (2004). Contribution of trans-splicing, 5′-leader length, cap-poly (A) synergism, 
and initiation factors to nematode translation in an Ascaris suum embryo cell-free system. 
Journal of Biological Chemistry, 279(44): 45573-45585. 





Lee, K. Z. and Sommer, R. J. (2003). Operon structure and trans-splicing in the nematode 
Pristionchus pacificus. Mol Biol Evol, 20(12): 2097-2103. 
Lezzerini, M., van de Ven, K., Veerman, M., Brul, S. and Budovskaya, Y. V. (2015). Specific 
RNA interference in Caenorhabditis elegans by ingested dsRNA expressed in Bacillus 
subtilis. PloS one, 10(4): e0124508. 
Li, J., Todd, T. C., Lee, J. and Trick, H. N. (2011). Biotechnological application of functional 
genomics towards plant-parasitic nematode control. Plant Biotechnology Journal, 9(9): 936-
944. 
Li, J., Todd, T. C., Oakley, T. R., Lee, J. and Trick, H. N. (2010 b). Host-derived suppression 
of nematode reproductive and fitness genes decreases fecundity of Heterodera glycines 
Ichinohe. Planta, 232(3): 775-785. 
Liang, X.-h., Haritan, A., Uliel, S. and Michaeli, S. (2003). trans and cis splicing in 
trypanosomatids: mechanism, factors, and regulation. Eukaryotic Cell, 2(5): 830-840. 
Lilley, C. J., Charlton, W. L., Bakhetia, M. and Urwin, P. E. (2008).The Potential of Rna 
Interference for the Management of Phytoparasitic Nematodes. Integrated Management and 
Biocontrol of Vegetable and Grain Crops Nematodes, Springer 
Lilley, C. J., Davies, L. J. and Urwin, P. E. (2012). RNA interference in plant parasitic 
nematodes: a summary of the current status. Parasitology, 139(5): 630-640. 
Lilley, C. J., Goodchild, S. A., Atkinson, H. J. and Urwin, P. E. (2005). Cloning and 
characterisation of a Heterodera glycines aminopeptidase cDNA. International Journal for 
Parasitology, 35(14): 1577-1585. 
Liu, L. X., Blaxter, M. L. and Shi, A. (1996). The 5S ribosomal RNA intergenic region of 
parasitic nematodes: variation in size and presence of SL1 RNA. Molecular and biochemical 
parasitology, 83(2): 235-239. 
Livak, K. (1997). Applied Biosystems ABI PRISM 7700 Sequence Detection System: relative 
quantitation of gene expression. User Bulletin, 2. 
Lucht, J. M. (2015). Public acceptance of plant biotechnology and GM crops. Viruses, 7(8): 
4254-4281. 
MacMorris, M., Kumar, M., Lasda, E., Larsen, A., Kraemer, B. and Blumenthal, T. (2007). A 






Maere, S., De Bodt, S., Raes, J., Casneuf, T., Van Montagu, M., Kuiper, M. and Van de 
Peer, Y. (2005). Modeling gene and genome duplications in eukaryotes. Proceedings of the 
National Academy of Sciences of the United States of America, 102(15): 5454-5459. 
Maroney, P. A., Hannon, G. J., Denker, J. A. and Nilsen, T. W. (1990). The nematode 
spliced leader RNA participates in trans-splicing as an Sm snRNP. The EMBO journal, 
9(11): 3667. 
McEwan, D. L., Weisman, A. S. and Hunter, C. P. (2012). Uptake of extracellular double-
stranded RNA by SID-2. Molecular cell, 47(5): 746-754. 
Michael, L. P. (2017). "Gene-silencing spray lets us modify plants without changing DNA." 
Daily News, from https://www.newscientist.com/article/2117460-gene-silencing-spray-lets-
us-modify-plants-without-changing-dna/. 
Min, K., Kang, J. and Lee, J. (2010). A modified feeding RNAi method for simultaneous 
knockdown of more than one gene in Caenorhabditis elegans. Biotechniques, 48(3): 229-
232. 
Mitreva, M., Elling, A. A., Dante, M., Kloek, A. P., Kalyanaraman, A., Aluru, S., Clifton, S. W., 
Bird, D. M., Baum, T. J. and McCarter, J. P. (2004). A survey of SL1-spliced transcripts from 
the root-lesion nematode Pratylenchus penetrans. Molecualr Genetics and Genomics, 
272(2): 138-148. 
Mitter, N., Worrall, E. A., Robinson, K. E., Li, P., Jain, R. G., Taochy, C., Fletcher, S. J., 
Carroll, B. J., Lu, G. M. and Xu, Z. P. (2017). Clay nanosheets for topical delivery of RNAi for 
sustained protection against plant viruses. Nature Plants, 3: 16207. 
Mitter, N., Worrall, E. A., Robinson, K. E., Li, P., Jain, R. G., Taochy, C., Fletcher, S. J., 
Carroll, B. J., Lu, G. Q. and Xu, Z. P. (2017). Clay nanosheets for topical delivery of RNAi for 
sustained protection against plant viruses. Nature Plants, 3: 16207. 
Mizuta, Y. and Higashiyama, T. (2014). Antisense gene inhibition by phosphorothioate 
antisense oligonucleotide in Arabidopsis pollen tubes. The Plant Journal, 78(3): 516-526. 
Naito, Y., Yamada, T., Matsumiya, T., Ui-Tei, K., Saigo, K. and Morishita, S. (2005). 
dsCheck: highly sensitive off-target search software for double-stranded RNA-mediated RNA 
interference. Nucleic acids research, 33(suppl 2): W589-W591. 
Napoli, C., Lemieux, C. and Jorgensen, R. (1990). Introduction of a chimeric chalcone 
synthase gene into petunia results in reversible co-suppression of homologous genes in 





Nicol, P., Gill, R., Fosu-Nyarko, J. and Jones, M. G. K. (2012). de novo analysis and 
functional classification of the transcriptome of the root lesion nematode, Pratylenchus 
thornei, after 454 GS FLX sequencing. International journal for parasitology, 42(3): 225-237. 
Nilsen, T. W. (1993). Trans-splicing of nematode premessenger RNA. Annual Reviews in 
Microbiology, 47(1): 413-440. 
Nilsen, T. W. (2001). Evolutionary origin of SL-addition trans-splicing: still an enigma. Trends 
in Genetics, 17(12): 678-680. 
Niu, J., Jian, H., Xu, J., Chen, C., Guo, Q., Liu, Q. and Guo, Y. (2012). RNAi silencing of the 
Meloidogyne incognita Rpn7 gene reduces nematode parasitic success. European Journal 
of Plant Pathology, 134(1): 131-144. 
Nsengimana, J., Bauters, L., Haegeman, A. and Gheysen, G. (2013). Silencing of Mg-pat-10 
and Mg-unc-87 in the plant parasitic nematode Meloidogyne graminicola using siRNAs. 
Agriculture, 3(3): 567-578. 
Numata, K., Ohtani, M., Yoshizumi, T., Demura, T. and Kodama, Y. (2014). Local gene 
silencing in plants via synthetic dsRNA and carrier peptide. Plant Biotechnology Journal 
12(8): 1027-1034. 
Nykänen, A., Haley, B. and Zamore, P. D. (2001). ATP requirements and small interfering 
RNA structure in the RNA interference pathway. Cell, 107(3): 309-321. 
Oka, T., Yamamoto, R. and Futai, M. (1998). Multiple genes for vacuolar-type ATPase 
proteolipids in Caenorhabditis elegans a new gene, vha-3, has a distinct cell-specific 
distribution. Journal of Biological Chemistry, 273(35): 22570-22576. 
Page, A. (1999). A highly conserved nematode protein folding operon in Caenorhabditis 
elegans and Caenorhabditis briggsae. Gene, 230(2): 267-275. 
Pak, J. and Fire, A. (2007). Distinct populations of primary and secondary effectors during 
RNAi in C. elegans. Science, 315(5809): 241-244. 
Papolu, P. K., Gantasala, N. P., Kamaraju, D., Banakar, P., Sreevathsa, R. and Rao, U. 
(2013). Utility of host delivered RNAi of two FMRF amide like peptides, flp-14 and flp-18, for 
the management of root knot nematode, Meloidogyne incognita. PLoS One, 8(11): e80603. 
Park, J.-E., Lee, K. Y., Lee, S.-J., Oh, W.-S., Jeong, P.-Y., Woo, T., Kim, C.-B., Paik, Y.-K. 
and Koo, H.-S. (2008). The efficiency of RNA interference in Bursaphelenchus xylophilus. 





Parrish, S. and Fire, A. (2001). Distinct roles for RDE-1 and RDE-4 during RNA interference 
in Caenorhabditis elegans. Rna, 7(10): 1397-1402. 
Passricha, N., Saifi, S., Khatodia, S. and Tuteja, N. (2016). Assessing zygosity in progeny of 
transgenic plants: current methods and perspectives. Journal of Biological Methods, 3(3): 
e46. 
Peng, H., Cui, J., Long, H., Huang, W., Kong, L., Liu, S., He, W., Hu, X. and Peng, D. 
(2016). Novel pectate lyase genes of Heterodera glycines play key roles in the early stage of 
parasitism. PloS one, 11(3): e0149959. 
Perry, K. L., Watkins, K. P. and Agabian, N. (1987). Trypanosome mRNAs have unusual" 
cap 4" structures acquired by addition of a spliced leader. Proceedings of the National 
Academy of Sciences, 84(23): 8190-8194. 
Perry, R. N. (1997).Plant signals in nematode hatching and attraction. Cellular and molecular 
aspects of plant-nematode interactions, Springer 
Pettitt, J., Harrison, N., Stansfield, I., Connolly, B. and Müller, B. (2010). Portland Press 
Limited. 
Pettitt, J., Philippe, L., Sarkar, D., Johnston, C., Gothe, H. J., Massie, D., Connolly, B. and 
Müller, B. (2014). Operons are a conserved feature of nematode genomes. Genetics, 
197(4): 1201-1211. 
Phillips, M. and Trudgill, D. (1998).Population modelling and integrated control options for 
potato cyst nematodes. Potato cyst nematodes. Biology, distribution and control’.(Eds RJ 
Marks, BB Brodie) pp 
Pickford, A. S., Catalanotto, C., Cogoni, C. and Macino, G. (2002). Quelling in Neurospora 
crassa. Advances in genetics, 46: 277-304. 
Pillai, R. S., Will, C. L., Lührmann, R., Schümperli, D. and Müller, B. (2001). Purified U7 
snRNPs lack the Sm proteins D1 and D2 but contain Lsm10, a new 14 kDa Sm D1‐like 
protein. The EMBO Journal, 20(19): 5470-5479. 
Platt, H. and Lorenzen, S. (1994). Forward in Phylogenetic systematics of free-living 
nematodes. London: The Ray Society. pp i–ii. 
Popeijus, H., Overmars, H., Jones, J., Blok, V., Goverse, A., Helder, J., Schots, A., Bakker, 
J. and Smant, G. (2000). Enzymology: degradation of plant cell walls by a nematode. 





Pouchkina-Stantcheva, N. N. and Tunnacliffe, A. (2005). Spliced leader RNA–mediated 
trans-splicing in Phylum Rotifera. Molecular biology and evolution, 22(6): 1482-1489. 
Promega Subcloning Notebook. (2004). Transforming bacteria, Promega Corporation. pp. 
43-48. URL: https://au.promega.com/~/media/files/resources/ 
product%20guides/subcloning%20 notebook/transforming_bacteria_row.pdf?la=en 
Promega Technical Manual No. 042 (2009). pGEM-T and pGEM-T easy vector systems,.pp. 
6.URL: http://cichlid.umd.edu/cichlidlabs/protocols/Basic/pGEMT.pdf 
Rajkovic, A., Davis, R., Simonsen, N. and RoTTMAN, F. (1990). A spliced leader is present 
on a subset of mRNAs from the human parasite Schistosoma mansoni. Proceedings of the 
National Academy of Sciences, 87(22): 8879-8883. 
Ratcliff, F., Harrison, B. D. and Baulcombe, D. C. (1997). A similarity between viral defense 
and gene silencing in plants. Science, 276(5318): 1558-1560. 
Ray, C., Abbott, A. G. and Hussey, R. S. (1994). Trans-splicing of a Meloidogyne incognita 
mRNA encoding a putative esophageal gland protein. Molecular and biochemical 
parasitology, 68(1): 93-101. 
Rehman, S., Butterbach, P., Popeijus, H., Overmars, H., Davis, E. L., Jones, J. T., Goverse, 
A., Bakker, J. and Smant, G. (2009). Identification and characterization of the most abundant 
cellulases in stylet secretions from Globodera rostochiensis. Phytopathology, 99(2): 194-
202. 
Reinke, V. and Cutter, A. D. (2009). Germline expression influences operon organization in 
the Caenorhabditis elegans genome. Genetics, 181(4): 1219-1228. 
Riddle, D. L., Blumenthal, T., Meyer, B. J. and Priess, J. R. (1997).Neural Plasticity--C. 
elegans II, Cold Spring Harbor Laboratory Press 
Rojanarata, T., Opanasopit, P., Techaarpornkul, S., Ngawhirunpat, T. and Ruktanonchai, U. 
(2008). Chitosan-thiamine pyrophosphate as a novel carrier for siRNA delivery. 
Pharmaceutical research, 25(12): 2807. 
Ross, L. H., Freedman, J. H. and Rubin, C. S. (1995). Structure and expression of novel 
spliced leader RNA genes in Caenorhabditis elegans. Journal of Biological Chemistry, 
270(37): 22066-22075. 
Rosso, M.-N., Dubrana, M., Cimbolini, N., Jaubert, S. and Abad, P. (2005). Application of 
RNA interference to root-knot nematode genes encoding esophageal gland proteins. 





Rosso, M. N., Jones, J. T. and Abad, P. (2009). RNAi and functional genomics in plant 
parasitic nematodes. Annual Review of Phytopathology, 47: 207-232. 
Saeed, I., MacGuidwin, A. and Rouse, D. (1998). Effect of initial nematode population 
density on the interaction of Pratylenchus penetrans and Verticillium dahliae on'Russet 
burbank'potato. Journal of nematology, 30(1): 100. 
Sambrook, J. and Russel, D. W. (2001).Molecular Cloning: A Laboratory Manual (Press, 
CSHL, Ed.) Cold Spring Harbor Laboratory Press Plainview, NY 
San Miguel, K. and Scott, J. G. (2016). The next generation of insecticides: dsRNA is stable 
as a foliar-applied insecticide. Pest Management Science, 72(4): 801-809. 
Sarkies, P. and Miska, E. A. (2013). RNAi pathways in the recognition of foreign RNA: 
antiviral responses and host-parasite interactions in nematodes. Biochemical Society 
Transactions 41(4): 876-880. 
Shi, Z., Montgomery, T. A., Qi, Y. and Ruvkun, G. (2013). High-throughput sequencing 
reveals extraordinary fluidity of miRNA, piRNA, and siRNA pathways in nematodes. Genome 
research, 23(3): 497-508. 
Shingles, J., Lilley, C., Atkinson, H. and Urwin, P. (2007). Meloidogyne incognita: molecular 
and biochemical characterisation of a cathepsin L cysteine proteinase and the effect on 
parasitism following RNAi. Experimental parasitology, 115(2): 114-120. 
Sijen, T., Fleenor, J., Simmer, F., Thijssen, K. L., Parrish, S., Timmons, L., Plasterk, R. H. 
and Fire, A. (2001). On the role of RNA amplification in dsRNA-triggered gene silencing. 
Cell, 107(4): 465-476. 
Sijmons, P. C., Grundler, F. M., Mende, N., Burrows, P. R. and Wyss, U. (1991). Arabidopsis 
thaliana as a new model host for plant‐parasitic nematodes. The Plant Journal, 1(2): 245-
254. 
Simmer, F., Tijsterman, M., Parrish, S., Koushika, S. P., Nonet, M. L., Fire, A., Ahringer, J. 
and Plasterk, R. H. (2002). Loss of the putative RNA-directed RNA polymerase RRF-3 
makes C. elegans hypersensitive to RNAi. Current biology, 12(15): 1317-1319. 
Sindhu, A. S., Maier, T. R., Mitchum, M. G., Hussey, R. S., Davis, E. L. and Baum, T. J. 
(2009). Effective and specific in planta RNAi in cyst nematodes: expression interference of 
four parasitism genes reduces parasitic success. Journal of Experimental Botany, 60(1): 
315-324. 
Siomi, H. and Siomi, M. C. (2009). On the road to reading the RNA-interference code. 





Smant, G., Stokkermans, J. P., Yan, Y., De Boer, J. M., Baum, T. J., Wang, X., Hussey, R. 
S., Gommers, F. J., Henrissat, B. and Davis, E. L. (1998). Endogenous cellulases in 
animals: isolation of β-1, 4-endoglucanase genes from two species of plant-parasitic cyst 
nematodes. Proceedings of the National Academy of Sciences, 95(9): 4906-4911. 
Sobczak, M., Golinowski, W. and Grundler, F. M. (1999). Ultrastructure of feeding plugs and 
feeding tubes formed by Heterodera schachtii. Nematology, 1(4): 363-374. 
Songstad, D., Petolino, J., Voytas, D. and Reichert, N. (2017). Genome editing of plants. 
Critical Reviews in Plant Sciences: 1-23. 
Spieth, J., Brooke, G., Kuersten, S., Lea, K. and Blumenthal, T. (1993). Operons in C. 
elegans: polycistronic mRNA precursors are processed by trans-splicing of SL2 to 
downstream coding regions. Cell, 73(3): 521-532. 
Starr, J. L., Cook, R. and Bridge, J. (2002).Plant resistance to parasitic nematodes, CABI 
publishing, Wallingford, UK 
Steeves, R. M., Todd, T. C., Essig, J. S. and Trick, H. N. (2006). Transgenic soybeans 
expressing siRNAs specific to a major sperm protein gene suppress Heterodera glycines 
reproduction. Functional Plant Biology, 33(11): 991-999. 
Steiner, F. A., Okihara, K. L., Hoogstrate, S. W., Sijen, T. and Ketting, R. F. (2009). RDE-1 
slicer activity is required only for passenger-strand cleavage during RNAi in Caenorhabditis 
elegans. Nature structural and molecular biology, 16(2): 207-211. 
Stepek, G., Buttle, D. J., Duce, I. R. and Behnke, J. M. (2006). Human gastrointestinal 
nematode infections: are new control methods required? International journal of 
experimental pathology, 87(5): 325-341. 
Stirling, G. R. (2014).Biological control of plant-parasitic nematodes: soil ecosystem 
management in sustainable agriculture, CABI 
Stover, N. A. and Steele, R. E. (2001). Trans-spliced leader addition to mRNAs in a 
cnidarian. Proceedings of the National Academy of Sciences, 98(10): 5693-5698. 
Stratford, R. and Shields, R. (1994). A trans-spliced leader RNA sequence in plant parasitic 
nematodes. Molecular and biochemical parasitology, 67(1): 147-155. 
Stricklin, S. L., Griffiths-Jones, S. and Eddy, S. R. (2005). C. elegans noncoding RNA genes. 
WormBook, 25: 1-7. 
Studier, F. W., Rosenberg, A. H., Dunn, J. J. and Dubendorff, J. W. (1990). Use of T7 RNA 





Subbotin, S. A., Ragsdale, E. J., Mullens, T., Roberts, P. A., Mundo-Ocampo, M. and 
Baldwin, J. G. (2008). A phylogenetic framework for root lesion nematodes of the genus 
Pratylenchus (Nematoda): Evidence from 18S and D2–D3 expansion segments of 28S 
ribosomal RNA genes and morphological characters. Molecular Phylogenetics and 
Evolution, 48(2): 491-505. 
Subbotin, S. A., Sturhan, D., Rumpenhorst, H. J. and Moens, M. (2003). Molecular and 
morphological characterisation of the Heterodera avenae species complex (Tylenchida: 
Heteroderidae). Nematology, 5(4): 515-538. 
Sukno, S. A., McCuiston, J., Wong, M.-Y., Wang, X., Thon, M. R., Hussey, R., Baum, T. and 
Davis, E. (2007). Quantitative detection of double-stranded RNA-mediated gene silencing of 
parasitism genes in Heterodera glycines. Journal of nematology, 39(2): 145. 
Summerton, J. and Weller, D. (1997). Morpholino antisense oligomers: design, preparation, 
and properties. Antisense and Nucleic Acid Drug Development, 7(3): 187-195. 
Sutton, R. E. and Boothroyd, J. C. (1986). Evidence for trans splicing in trypanosomes. Cell, 
47(4): 527-535. 
Tabara, H., Grishok, A. and Mello, C. C. (1998). RNAi in C. elegans: soaking in the genome 
sequence. Science, 282(5388): 430-431. 
Tabara, H., Sarkissian, M., Kelly, W. G., Fleenor, J., Grishok, A., Timmons, L., Fire, A. and 
Mello, C. C. (1999). The rde-1 gene, RNA interference, and transposon silencing in C. 
elegans. Cell, 99(2): 123-132. 
Tabara, H., Yigit, E., Siomi, H. and Mello, C. C. (2002). The dsRNA binding protein RDE-4 
interacts with RDE-1, DCR-1, and a DExH-box helicase to direct RNAi in C. elegans. Cell, 
109(7): 861-871. 
Tamilarasan, S. (2012). Engineering crop plants for nematode resistance through host-
derived RNA interference. Cell and Developmental Biology, 2(2). 
Tan, J. A. (2015). Characterising putative parasitism genes for root lesion nematodes and 
their use in RNA interference studies, Murdoch University. 
Tan, J. A., Jones, M. G. K. and Fosu-Nyarko, J. (2013). Gene silencing in root lesion 
nematodes (Pratylenchus spp.) significantly reduces reproduction in a plant host. 
Experimental Parasitology, 133(2): 166-178. 
Tan, J. A. J., M. G. K.; Fosu-Nyarko, J. (2013). Gene silencing in root lesion nematodes 
(Pratylenchus spp.) significantly reduces reproduction in a plant host. Experimental 





Tan, J. C., Hwa. (2015). Characterising putative parasitism genes for root lesion nematodes 
and their use in RNA interference studies, Murdoch University. 
Tang, G.-Q. (2012). Methods and compositions for introduction of exogenous dsrna into 
plant cells. WO2013025670 A1 
Tang, G.-Q. (2016). Methods and compositions for introduction of exogenous dsRNA into 
plant cells. Paten no. 9433217.Washington D.C, Patent and trademark office 
Taylor, A. L., Sasser, J. N. and Nelson, L. (1982).Relationship of climate and soil 
characteristics to geographical distribution of Meloidogyne species in agricultural soils, North 
Carolina State University/AID 
Taylor, S., Vanstone, V. A., Ware, A., McKay, A. C., Szot, D. and Russ, M. H. (1999). 
Measuring yield loss in cereals caused by root lesion nematodes (Pratylenchus neglectus 
and P. thornei) with and without nematicide. Crop and Pasture Science, 50(4): 617-627. 
Techaarpornkul, S., Wongkupasert, S., Opanasopit, P., Apirakaramwong, A., Nunthanid, J. 
and Ruktanonchai, U. (2010). Chitosan-mediated siRNA delivery in vitro: effect of polymer 
molecular weight, concentration and salt forms. Aaps Pharmscitech, 11(1): 64-72. 
Tenllado, F. and Dıaz-Ruız, J. (2001). Double-stranded RNA-mediated interference with 
plant virus infection. Journal of virology, 75(24): 12288-12297. 
Tenllado, F., Llave, C. and Diaz-Ruiz, J. R. (2004). RNA interference as a new 
biotechnological tool for the control of virus diseases in plants. Virus Research, 102(1): 85-
96. 
Tenllado, F., Martínez-García, B., Vargas, M. and Díaz-Ruíz, J. R. (2003). Crude extracts of 
bacterially expressed dsRNA can be used to protect plants against virus infections. BMC 
biotechnology, 3(1): 3. 
Theerawanitchpan, G., Saengkrit, N., Sajomsang, W., Gonil, P., Ruktanonchai, U., Saesoo, 
S., Flegel, T. W. and Saksmerprome, V. (2012). Chitosan and its quaternized derivative as 
effective long dsRNA carriers targeting shrimp virus in Spodoptera frugiperda 9 cells. Journal 
of biotechnology, 160(3): 97-104. 
Thomas, J. D., Conrad, R. C. and Blumenthal, T. (1988). The C. elegans trans-spliced 
leader RNA is bound to Sm and has a trimethylguanosine cap. Cell, 54(4): 533-539. 
Thomason, I. (1987). Challenges facing nematology: environmental risks with nematicides 





Tijsterman, M., May, R. C., Simmer, F., Okihara, K. L. and Plasterk, R. H. (2004). Genes 
required for systemic RNA interference in Caenorhabditis elegans. Current Biology, 14(2): 
111-116. 
Timmons, L. and Fire, A. (1998). Specific interference by ingested dsRNA. Nature, 
395(6705): 854-854. 
Tischler, J., Lehner, B., Chen, N. and Fraser, A. G. (2006). Combinatorial RNA interference 
in Caenorhabditis elegans reveals that redundancy between gene duplicates can be 
maintained for more than 80 million years of evolution. Genome biology, 7(8): R69. 
Townshend, J. (1963). The pathogenicity of Pratylenchus penetrans to celery. Canadian 
Journal of Plant Science, 43(1): 70-74. 
Trudgill, D. L. and Blok, V. C. (2001). Apomictic, polyphagous root-knot nematodes: 
exceptionally successful and damaging biotrophic root pathogens. Annual review of 
phytopathology, 39(1): 53-77. 
Urwin, P., Lilley, C. J. and Atkinson, H. J. (2002). Ingestion of double-stranded RNA by 
preparasitic juvenile cyst nematodes leads to RNA interference. Molecular Plant-Microbe 
Interactions, 15(8): 747-752. 
Urwin, P. E., McPherson, M. J. and Atkinson, H. J. (1998). Enhanced transgenic plant 
resistance to nematodes by dual proteinase inhibitor constructs. Planta, 204(4): 472-479. 
Vaistij, F. E., Jones, L. and Baulcombe, D. C. (2002). Spreading of RNA targeting and DNA 
methylation in RNA silencing requires transcription of the target gene and a putative RNA-
dependent RNA polymerase. The Plant Cell, 14(4): 857-867. 
Valentine, T. A., Randall, E., Wypijewski, K., Chapman, S., Jones, J. and Oparka, K. J. 
(2007). Delivery of macromolecules to plant parasitic nematodes using a tobacco rattle virus 
vector. Plant Biotechnol J, 5(6): 827-834. 
Van der Ploeg, L. H. (1986). Discontinuous transcription and splicing in trypanosomes. Cell, 
47(4): 479-480. 
Vandenberghe, A. E., Meedel, T. H. and Hastings, K. E. (2001). mRNA 5′-leader trans-
splicing in the chordates. Genes and development, 15(3): 294-303. 
Vanstone, V., Hollaway, G. and Stirling, G. (2008). Managing nematode pests in the 
southern and western regions of the Australian cereal industry: continuing progress in a 





von Mende, N., Nobre, M. J. G. and Perry, R. N. (1998). Host finding, invasion and feeding. 
The Cyst Nematodes, Springer: 217-238. 
Walawage, S. L., Britton, M. T., Leslie, C. A., Uratsu, S. L., Li, Y. and Dandekar, A. M. 
(2013). Stacking resistance to crown gall and nematodes in walnut rootstocks. BMC 
genomics, 14(1): 1. 
Walsh, E., Elmore, J. and Taylor, C. (2017). Root-knot nematode parasitism suppresses 
host RNA silencing. Molecular Plant-Microbe Interactions: MPMI-08-16-0160-R. 
Wang, D., Jones, L. M., Urwin, P. E. and Atkinson, H. J. (2011). A synthetic peptide shows 
retro-and anterograde neuronal transport before disrupting the chemosensation of plant-
pathogenic nematodes. PloS one, 6(3): e17475. 
Wang, G. and Reinke, V. (2008). A C. elegans Piwi, PRG-1, regulates 21U-RNAs during 
spermatogenesis. Current Biology, 18(12): 861-867. 
Wang, T., Iyer, L. M., Pancholy, R., Shi, X. and Hall, T. C. (2005). Assessment of penetrance 
and expressivity of RNAi‐mediated silencing of the Arabidopsis phytoene desaturase gene. 
New phytologist, 167(3): 751-760. 
Wang, X., Meyers, D., Yan, Y., Baum, T., Smant, G., Hussey, R. and Davis, E. (1999). In 
planta localization of a β-1, 4-endoglucanase secreted by Heterodera glycines. Molecular 
Plant-Microbe Interactions, 12(1): 64-67. 
Waterhouse, P. M., Graham, M. W. and Wang, M.-B. (1998). Virus resistance and gene 
silencing in plants can be induced by simultaneous expression of sense and antisense RNA. 
Proceedings of the National Academy of Sciences, 95(23): 13959-13964. 
Weecharangsan, W., Opanasopit, P., Ngawhirunpat, T., Apirakaramwong, A., Rojanarata, 
T., Ruktanonchai, U. and Lee, R. J. (2008). Evaluation of chitosan salts as non-viral gene 
vectors in CHO-K1 cells. International Journal of Pharmaceutics, 348(1): 161-168. 
Weibelzahl-Fulton, E., Dickson, D. and Whitty, E. (1996). Suppression of Meloidogyne 
incognita and M. javanica by Pasteuria penetrans in field soil. Journal of Nematology, 28(1): 
43. 
Williamson, V. M. and Gleason, C. A. (2003). Plant–nematode interactions. Current opinion 
in plant biology, 6(4): 327-333. 
Williamson, V. M. and Kumar, A. (2006). Nematode resistance in plants: the battle 





Wilton, S. D. and Fletcher, S. (2008). Exon skipping and Duchenne muscular dystrophy: 
Hope, hype and how feasible? Neurology India, 56(3): 254. 
Winston, W. M., Molodowitch, C. and Hunter, C. P. (2002). Systemic RNAi in C. elegans 
requires the putative transmembrane protein SID-1. Science, 295(5564): 2456-2459. 
Winston, W. M., Sutherlin, M., Wright, A. J., Feinberg, E. H. and Hunter, C. P. (2007). 
Caenorhabditis elegans SID-2 is required for environmental RNA interference. Proceedings 
of the National Academy of Sciences, 104(25): 10565-10570. 
Wyss, U. and Grundler, F. (1992). Feeding behavior of sedentary plant parasitic nematodes. 
Netherlands Journal of Plant Pathology, 98(2): 165-173. 
Wyss, U. and Zunke, U. (1986). Observations on the behaviour of second stage juveniles of 
Heterodera scachtii inside host roots. Revue Nematol, 9(2): 153-165. 
Xue, B., Hamamouch, N., Li, C., Huang, G., Hussey, R. S., Baum, T. J. and Davis, E. L. 
(2013). The 8D05 parasitism gene of Meloidogyne incognita is required for successful 
infection of host roots. Phytopathology, 103(2): 175-181. 
Yadav, B. C., Veluthambi, K. and Subramaniam, K. (2006). Host-generated double stranded 
RNA induces RNAi in plant-parasitic nematodes and protects the host from infection. 
Molecular and biochemical parasitology, 148(2): 219-222. 
Yan, Y., Smant, G. and Davis, E. (2001). Functional screening yields a new β-1, 4-
endoglucanase gene from Heterodera glycines that may be the product of recent gene 
duplication. Molecular Plant-Microbe Interactions, 14(1): 63-71. 
Yang, Y., Jittayasothorn, Y., Chronis, D., Wang, X., Cousins, P. and Zhong, G.-Y. (2013). 
Molecular characteristics and efficacy of 16D10 siRNAs in inhibiting root-knot nematode 
infection in transgenic grape hairy roots. PloS one, 8(7): e69463. 
Yigit, E., Batista, P. J., Bei, Y., Pang, K. M., Chen, C.-C. G., Tolia, N. H., Joshua-Tor, L., 
Mitani, S., Simard, M. J. and Mello, C. C. (2006). Analysis of the C. elegans Argonaute 
family reveals that distinct Argonautes act sequentially during RNAi. Cell, 127(4): 747-757. 
Zhang, F., Peng, D., Ye, X., Yu, Z., Hu, Z., Ruan, L. and Sun, M. (2012). In vitro uptake of 
140 kDa Bacillus thuringiensis nematicidal crystal proteins by the second stage juvenile of 
Meloidogyne hapla. PloS One, 7(6): e38534. 
Zhang, H., Campbell, D. A., Sturm, N. R. and Lin, S. (2009). Dinoflagellate spliced leader 
RNA genes display a variety of sequences and genomic arrangements. Molecular biology 





Zhang, H., Hou, Y., Miranda, L., Campbell, D. A., Sturm, N. R., Gaasterland, T. and Lin, S. 
(2007). Spliced leader RNA trans-splicing in dinoflagellates. Proceedings of the National 
Academy of Sciences, 104(11): 4618-4623. 
Zhang, X., Zhang, J. and Zhu, K. Y. (2010). Chitosan/double-stranded RNA nanoparticle-
mediated RNA interference to silence chitin synthase genes through larval feeding in the 
African malaria mosquito (Anopheles gambiae). Insect Molecular Biology, 19(5): 683-693. 
  
 
 
 
 
1 
 
 
